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ABSTRACT 
Strain-hardening cement-based composites (SHCC) are a special class of fiber-reinforced 
concrete which develop multiple, fine cracks when subjected to increasing tensile loading, 
reaching strain capacities of up to several percent. The tensile behavior of SHCC is a result of 
a purposeful material design accounting for the mechanical and physical properties of the 
cementitious matrix, of the reinforcing fibers and of their interaction.  
The exceptionally high energy dissipation through inelastic deformations before reaching 
tensile strength makes SHCC suitable for manufacturing or strengthening of structural 
elements which may be subjected to impact loading. However, the tensile behavior of SHCC 
is highly strain rate dependent, both in terms of tensile strength and strain capacity. The 
different strain rate sensitivities of the constitutive phases of SHCC (matrix, fiber and 
interfacial bond) lead to disproportionate dynamic alteration of their mechanical properties 
under increasing strain rates and, consequently, to an impairment of the micromechanical 
balance necessary for strain-hardening and multiple cracking. Thus, high energy dissipation 
under impact loading can only be ensured through a targeted material design.  
This work presents a series of mechanical experiments at different strain rates and different 
scales of investigation with the goal of developing a qualitative and quantitative basis for 
formulating material design recommendations for impact resistant SHCC. Three different 
types of SHCC were investigated, consisting of two types of polymer fibers (polyvinyl-
alcohol and high-density polyethylene) and cementitious matrices (normal-strength and high-
strength). 
Uniaxial tension experiments were performed on SHCC specimens and on non-reinforced 
matrix specimens with different testing setups at strain rates ranging from 10-4 to 150 s-1. 
Besides the measured mechanical properties, special attention was paid to the crack patterns 
and the condition of fracture surfaces. Additionally, micro-scale investigations were 
performed to quantify the strain rate dependent changes in the mechanical behavior of 
individual component phases, i.e., matrix, fibers and fiber-matrix bond.  
The results obtained from the micromechanical investigations were used in an analytical 
model for crack bridging. The model links the micromechanical parameters and their strain 
rate sensitivities to the single-crack opening behavior under increasing displacement rates, 
making it useful for material design purposes. If given an extensive experimental basis for the 
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fracture mechanical properties of the non-reinforced cementitious matrices, the model can be 
extended for predicting the strain capacity (multiple cracking) of SHCC under different strain 
rates. 
  
 
iii 
 
ZUSAMMENFASSUNG 
Die hochduktilen Betone (Engl.: Strain-Hardening Cement-based Composites – SHCC) 
bilden eine besondere Klasse von Faserbetonen, die eine multiple Rissbildung unter 
zunehmenden Zugspannungen aufweisen, was zu einer sehr hohen Bruchdehnung führt. Das 
dehnungsverfestigende, hochduktile Zugverhalten der SHCC wird durch eine gezielte 
Materialentwicklung erreicht, die die mechanischen und physikalischen Eigenschaften der 
zementgebundenen Matrizen, der Kurzfasern und deren Zusammenwirkung berücksichtigt. 
Das außergewöhnliche Energieabsorptionsvermögen der SHCC durch plastische 
Verformungen vor dem Erreichen der Zugfestigkeit qualifiziert diese Verbundwerkstoffe für 
die Herstellung oder Verstärkung von Bauteilen, die Impaktbeanspruchungen ausgesetzt sein 
könnten. Jedoch weisen SHCC sowohl bezüglich deren Zugfestigkeit als auch deren 
Dehnungskapazität ein ausgeprägtes dehnratenabhängiges Verhalten auf. Unter zunehmenden 
Dehnraten führen die unterschiedlichen Dehnratensensitivitäten der gestaltenden Phasen von 
SHCC (Matrix, Faser und deren Verbund) zur Beeinträchtigung des mikromechanischen 
Gleichgewichts, welches für die Dehnungsverfestigung und multiple Rissbildung erforderlich 
ist. Eine hohe Energiedissipation unter Impaktbeanspruchungen kann deshalb nur durch eine 
gezielte Materialentwicklung der SHCC hinsichtlich deren Verhaltens unter hohen Dehnraten 
gewährleistet werden. 
Die vorliegende Arbeit umfasst eine Reihe von experimentellen Untersuchungen mit 
verschiedenen Dehnraten und an unterschiedlichen Betrachtungsebenen, mit dem Ziel eine 
qualitative und quantitative Basis für Empfehlungen zur Materialentwicklung von Impakt-
resistenten SHCC zu schaffen. Drei verschiedene SHCC-Zusammensetzungen wurden 
untersucht. Die Referenz-Zusammensetzung aus einer normalfesten zementgebundenen 
Matrix und Polyvinyl-Alkohol-Kurzfasern wurde mit zwei unterschiedlichen SHCC 
verglichen (hochfest und normalfest), die mit Kurzfasern aus hochdichtem Polyethylen 
bewehrt wurden. 
Einaxiale Zugversuche wurden an SHCC-Proben und unbewehrten Matrix-Proben mit 
verschiedenen Prüfvorrichtungen bei Dehnraten von 10-4 bis 150 s-1 durchgeführt. Zusätzlich 
zu den gemessenen mechanischen Eigenschaften wurden die Rissbildung und die 
Bruchflächen detailliert untersucht. Darüber hinaus wurden mikromechanische 
Untersuchungen durchgeführt, um die Dehnratensensitivität der einzelnen Phasen, d.h. 
Matrix, Faser und deren Verbund zu beschreiben. 
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Die aus den mikromechanischen Untersuchungen erzielten Ergebnisse wurden als 
Eingangswerte in einem analytischen Einzelriss-Modell verwendet. Das entwickelte Modell 
verbindet die mikromechanischen Parameter und deren Dehnratenabhängigkeit mit dem 
Rissöffnungsverhalten von SHCC bei zunehmenden Verschiebungsraten. Das macht es 
vorteilhaft für Materialentwicklungszwecke. Das Modell kann für die Vorhersage der 
Dehnungskapazität von SHCC bei diversen Dehnraten weiterentwickelt werden, wenn eine 
umfassende experimentelle Basis für die bruchmechanischen Eigenschaften der Matrizen 
vorliegt. 
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VORWORT DES HERAUSGEBERS 
Hochduktile Betone (SHCC) zeichnen sich bei quasi-statischer Zugbelastung durch ein 
dehnungsverfestigendes Verhalten mit ausgeprägter multipler Rissbildung aus. Die 
Ausbildung neuer Rissoberflächen sowie der partielle Auszug rissüberbrückender Fasern 
führen dabei zu einer sehr hohen Energiedissipation. Dieses günstige mechanische Verhalten 
wird durch eine gezielte Abstimmung der Eigenschaften der zementgebundenen Matrix, der 
kurzen Bewehrungsfasern und der Interphase erreicht. Das Material erscheint besonders 
erfolgversprechend im Hinblick auf den Neubau bzw. die Verstärkung sowie den Schutz von 
bestehenden Bauwerken, die hohen dynamischen Beanspruchungen wie Erdbeben, Anprall 
oder Detonation ausgesetzt sein könnten. Jedoch kann eine Aussage über die Quasiduktilität 
von SHCC unter dynamischen Belastungen basierend auf deren ausgezeichnetem Verhalten 
unter quasi-statischen Bedingungen riskant sein, da mit der zunehmenden 
Verzerrungsgeschwindigkeit eine Veränderung der Versagensmechanismen eintritt.  
In der vorliegenden Arbeit werden solche Veränderungen sowohl auf der Mikro- als auch 
Makroebene experimentell untersucht und deren Ursachen ergründet. Zudem wird die 
Wirkung unterschiedlicher stofflicher Variationen auf die Leistungsfähigkeit von SHCC bei 
hohen Belastungsgeschwindigkeiten untersucht und darauf aufbauend Lösungen identifiziert, 
die besonders günstig für eine hohe Energiedissipation von SHCC sind. Insbesondere wird 
gezeigt, dass die Veränderung des Zugverhaltens von SHCC mit zunehmender 
Verzerrungsrate in den unterschiedlichen Dehnratenempfindlichkeiten der Polymerfasern, der 
zementgebundenen Matrix und der Verbundzone begründet ist. Mit steigender 
Verzerrungsrate ändern sich die mechanischen Eigenschaften jeder der drei Phasen, jedoch 
nicht im gleichen Maße. Dies führt zu einer deutlich ungünstigen oder günstigen Veränderung 
der mikromechanischen Verhältnisse. Zusätzlich wird ein mikromechanisches Modell 
entwickelt, welches zur Beschreibung und Prognose des Verhaltens unterschiedlicher SHCC 
mit zunehmenden Dehnraten dienen kann.  
Die Dissertation von Herrn Iurie Curosu leistet einen bedeutenden Beitrag zur 
Weiterentwicklung der modernen, zementbasierten Faserverbundwerkstoffe. Und das 
Entwicklungspotential ist sehr hoch! Die Erkenntnisse aus der Arbeit von Herrn Curosu 
bildeten u. a. eine wichtige Grundlage für die Einrichtung des Graduiertenkollegs der 
Deutschen Forschungsgemeinschaft GRK 2250 „Impaktsicherheit von Baukonstruktionen 
durch mineralisch gebundene Komposite“. Das zentrale Ziel des Graduiertenkollegs ist, 
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bestehende Gebäude und Bauwerke durch Applikation von flächigen, dünnschichtigen 
Verstärkungen deutlich widerstandsfähiger zu machen. Durch die Verwendung neuartiger 
mineralisch gebundener Komposite soll die Sicherheit der Menschen und der für das Leben 
der Menschen wichtigen Infrastruktur signifikant erhöht werden. Die entwickelten 
Grundlagen werden außerdem das wirtschaftliche und ökologische Bauen von neuen, gegen 
Impaktbeanspruchungen höchstresistenten Strukturen ermöglichen. Da Herr Curosu im GRK 
2250 nun als Postdoktorand weiterforscht, kann er seine Kenntnisse und Erfahrungen dort 
einbringen und weiter ausbauen. 
Für mich gestaltete sich die Zusammenarbeit mit Herrn Iurie Curosu überaus anregend, 
bereichernd und angenehm. Ich freue mich über deren Fortsetzung im Rahmen des GRK 2250 
und wünsche ihm viel Erfolg in seiner weiteren wissenschaftlichen Entwicklung! 
 
Viktor Mechtcherine 
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1 INTRODUCTION 
1.1 Motivation 
Civil engineering structures may be subjected to dynamic loading conditions because of 
earthquake, rockfall, crash or explosion, which imply an increased risk for their structural 
integrity and for people’s safety. Despite their lower probability of occurrence, such loading 
scenarios should be accounted for in structural design due to their potentially dramatic 
consequences.  
The vast majority of existing constructions, including those related to the critical 
infrastructure, are made of reinforced concrete (RC). Structural members made of reinforced 
concrete ensure satisfactory behavior under ordinary service conditions. However, they are 
generally vulnerable to severe, dynamic loading actions such as those enumerated above. The 
main weakness of RC structures is a direct consequence of concrete’s low tensile strength and 
high brittleness. Despite the appropriate reinforcement detailing, under highly dynamic 
actions, RC elements generally suffer pronounced damage in form of concrete spalling 
leading to a reduction in effective cross-section, to reinforcement buckling in case of 
columns, and thus, to reduced structural stiffness and low or no residual load bearing 
capacity. Furthermore, even if structural integrity is not significantly reduced by concrete 
spalling and fragmentation, such effects represent a major risk for the people. 
Structural elements exposed to extreme loading scenarios involving high loading rates must 
dissipate substantial amounts of energy through inelastic deformations without losing load 
bearing capacity. Addition of short, randomly distributed steel fibers to concrete in volume 
fractions up to several percent can significantly improve its tensile strength, fracture 
toughness and ductility through the effect of crack bridging. Fiber reinforced concrete (FRC) 
yields strain-softening tensile behavior if the crack bridging capacity of the reinforcing fibers 
is lower than the tensile strength of the concrete matrix. This implies only a localized energy 
dissipation after crack localization. In case of an improved anchorage and increased volume 
fraction of the reinforcing steel fibers, strain-hardening tensile behavior can be achieved. This 
is normally done by applying ultra-high performance concrete (UHPC) and specially shaped, 
steel fibers for improved interfacial bond (Kim et al. 2009; Fantilli et al. 2013; Wille et al. 
2014). This kind of high-performance fiber-reinforced cementitious composites (HPFRCC), 
also ultra-high performance fiber reinforced concrete (UHP-FRC), with strain-hardening 
tensile behavior possess high compressive and tensile strength and exhibit multiple cracking 
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under increasing tensile loading. Structural members made of HPFRCC yield a significantly 
enhanced performance under extreme loading conditions, showing high load-bearing 
capacity, large deformation capacity and damage tolerance (Bindiganavile et al. 2002; Aoude 
et al. 2015). However, the strain capacity of HPFRCC with steel fibers before failure 
localization, i.e., softening, does not exceed 1%, which is considerably lower than the strain 
capacity of strain-hardening cement-based composites (SHCC). Furthermore, their 
applicability as strengthening layers may be limited by the necessity to use molds, as imposed 
by the fresh state properties of these materials, which makes it difficult to ensure a small layer 
thickness or to strengthen elements of complicated shape or limited accessibility. 
SHCC consist of finely grained cementitious matrices and short, high-performance polymer 
fibers in volume fractions of approximately 2% (Li 2003). Their high strain capacity of up to 
5% is a result of the successive formation of fine, densely spaced cracks under increasing 
tensile loading. Such tensile behavior is achieved by fulfilling a set of micromechanics based 
conditions for crack formation, crack propagation and crack bridging. Besides their 
remarkably high strain capacity, SHCC’s composition allows their simple application not just 
as main material in structural elements but also as thin strengthening layers on existing 
structures (Kunieda and Rokugo 2006; Hussein at el. 2012; Kunieda et al. 2013; 
Mechtcherine 2013; Kim et al. 2014). 
It was demonstrated that SHCC possess an exceptional capacity of energy dissipation and an 
extremely high resistance against spalling under high-speed impact loading (Mechtcherine et 
al. 2011a). However, the micromechanically motivated composition of SHCC results also in a 
high strain rate sensitivity, yielding an increased tensile strength but also a reduced strain 
capacity if not purposefully designed with respect to dynamic or high-speed loading (Yang 
and Li 2014). Therefore, to ensure the safe structural design of structures made of or 
strengthened with SHCC, the effect of strain rate on their performance should be understood 
and formulated. 
1.2 Aim 
The purpose of this doctoral research is to identify and describe the main factors determining 
the alteration of the quasi-ductility of SHCC when subjected to increased strain rates. The 
characterization of the composites’ tensile behavior under different strain rates should be 
based on mechanical experiments at composite level, as well as on investigating the properties 
of matrix, fiber and fiber-matrix bond. The parameters governing SHCC’s strain rate 
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sensitivity should be also analyzed with respect to different possible material compositions. 
This should be facilitated by involving in the research program three distinct types of SHCC, 
consisting of different polymer fibers and cementitious matrices. The selection of the 
corresponding fiber-matrix combinations was also motivated by the currently proposed 
hypotheses regarding the influence of interfacial bond type on SHCC’s strain rate sensitivity, 
which suggests that the negative strain rate effect on the tensile behavior of SHCC can be 
reduced by avoiding highly strain rate sensitive, chemical fiber-matrix interactions, and by 
ensuring crack bridging rather through frictional fiber matrix-interactions (Yang and Li 2012; 
Yang and Li 2014). 
The results of the mechanical investigations at the level of individual constituents should be 
used as input in a micromechanical model for single-crack opening behavior under monotonic 
tensile loading. The model should be able to explain the phenomena observed with the help of 
experiments at composite level, and highlight the mechanisms governing the single-crack 
opening behavior based on material composition and displacement rate. 
Finally, the expertise gained with the help of the mechanical investigations at different scales 
of observation and of the micromechanical model should enable the formulation of 
recommendations for a purposeful material design with respect to impact loading.  
1.3 Thesis structure 
The entire work is structured in seven chapters, plus references and appendices. 
Chapter 1 introduces the problem, formulates the aims of the research work and the expected 
outcome based on the intended investigations. 
Chapter 2 gives a generalized description of SHCC’s tensile behavior and applications. This 
is followed by a detailed overview of the micromechanical aspects as a line of arguments for 
the established SHCC compositions and for the potential strain rate effects at the 
micromechanical level. Additionally, an exhaustive literature review on the experimentally 
demonstrated strain rate effects on the tensile properties of SHCC is presented. Finally, a 
critical review of the existing experimental methods for material testing under uniaxial, 
tensile impact loading is performed with focus on their applicability on SHCC. 
Chapter 3 introduces the investigated polymer fibers and presents their main mechanical, 
physical and geometrical properties. Moreover, the testing principles and the results of contact 
angle measurements for quantifying fibers’ wettability are given. The constitutive 
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cementitious matrices are presented together with concise justifications for their compositions 
and expected interactions with the chosen polymer fibers. In the end, the specimen production 
techniques are briefly discussed and the fresh-state properties of the SHCC mixtures are 
described. 
Chapter 4 is based on three different experimental series at composite level, structured in 
three main sections. Each section describes the applied testing methods, specimen production 
and the outcomes of the tests. First, uniaxial tensile experiments at low strain rates performed 
in a servo-hydraulic testing machine and impact experiments carried out in a drop-weight 
installation on dumbbell shaped specimens with the same geometry are presented. The second 
section is focused on spall experiments on unnotched and notched cylindrical samples with 
the Hopkinson bar and the reference quasi-static tension tests in a servo-hydraulic testing 
machine. Lastly, the third section describes quasi-static and impact tension tests on unnotched 
cylindrical specimens of two different lengths and on notched samples. In this case, impact 
tests were performed in a modified Hopkinson bar. Additionally, nonreinforced matrix 
specimens were tested under quasi-static and impact tensile loading. 
Chapter 5 comprises the micromechanical investigations on the individual component phases 
of SHCC. All experiments were performed in a piezoelectrically actuated testing setup at 
displacement rates of up to 50 mm/s. Miniature matrix specimens were tested under uniaxial 
tensile loading for quantifying their strain rate sensitivities at moderate strain rates. 
Furthermore, single-fiber tension tests were performed on both types of investigated polymer 
fibers at strain rates of up to 10 s-1. Finally, single-fiber pullout tests were done on all (three) 
involved fiber-matrix combinations for describing the interactions of the constituents in terms 
of bond strength and pullout behavior, but mainly for quantifying the strain rate sensitivities 
of these properties. 
Chapter 6 describes the micromechanical model and the modeled stress-crack opening 
curves for single cracks depending on fiber-matrix system and applied displacement rate. The 
model is based on the theoretical aspects given in Chapter 2 and uses as input the mechanical 
properties of the fibers and of the interfacial bonds as deduced in Chapter 5. It is supposed to 
be the basis for a future formulation of constitutive relations describing the behavior of SHCC 
under consideration of multiple cracking. 
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Chapter 7 summarizes the main findings from the entire work, the conclusions and 
recommendations for designing impact resistant SHCC, and gives a short outlook for future 
investigations.  
INTRODUCTION 
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2 STATE OF THE ART 
2.1 Strain-hardening cement-based composites (SHCC) 
SHCC (also ECC, engineered cementitious composites) consist of finely grained cementitious 
matrices and short, high-performance polymer micro-fibers, usually about 2% by volume. 
When subjected to uniaxial tensile loading, SHCC behave elastically until their cracking 
strength in the weakest cross-section (likely containing the largest flaw) is reached. At this 
stress level, also called first crack stress, see σfc in Figure 2.1, existing flaws and micro-cracks 
develop to a crack crossing the entire specimen, while the tensile stress is transferred to the 
crack bridging fibers. The first crack stress is the cracking strength of the matrix or of the 
composite in the weakest cross-section. 
 
Figure 2.1. Tensile behavior of SHCC: a) elastic phase; b) strain-hardening and multiple 
cracking phase and c) softening phase. 
Due to the higher collective crack bridging strength of the fibers compared to the cracking 
strength of the composite, the material can withstand higher stresses. The crack bridging 
strength is the maximum tensile stress which can be transferred through a crack. Note that the 
composite cracking strength is not necessarily equal to the matrix tensile strength, because the 
crack bridging effect may lead to an increased stress level necessary for inducing uncontrolled 
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crack propagation through the specimen, as it will be shown in Section 2.2. With increasing 
tensile loading, new cracks will form until the crack bridging capacity σu of the fibers in the 
weakest bridged crack is reached. At this moment, if tested in the deformation controlled 
regime, the weakest crack starts growing under decreasing stress, indicating failure of the 
composite, see the softening branch in Figure 2.1. 
The formation of multiple fine cracks under increasing tensile loading implies several very 
positive mechanical features, the most distinguished being the remarkably high strain capacity 
εu in combination with the limited crack width up to failure localization. Depending on matrix 
composition and fiber type, the strain capacity of SHCC can be as high as 5% while the 
average crack width is usually lower than 100 µm, see e.g., Li et al. 2001. SHCC are 
advantageous materials both for new structures subjected to high mechanical loading or 
severe environmental conditions and for the retrofitting / strengthening of existing structures 
by application of thin SHCC layers (Li 2003; Li and Lepech 2004; Kunieda and Rokugo 
2006; Mechtcherine 2013; Lepech and Li 2009). Also, the narrow cracks typical for SHCC 
are regarded as very favorable with respect to the durability of structural elements made of 
SHCC or protected by SHCC covers (Mechtcherine 2012; Van Zijl et al. 2012). 
Furthermore, SHCCs’ ability to undergo extensive inelastic (plastic) deformations without 
losing load-bearing capacity makes them suitable both as main material and as reinforcing 
layers in structural members which might be subjected to sudden mechanical loading, such as 
impact (Mechtcherine et al. 2011a; Maalej et al. 2012). As opposed to high-performance steel 
fiber-reinforced concretes (Kim et al. 2009; Wille et al. 2014), SHCC dissipate the larger 
amount of energy through multiple cracking before reaching failure localization and not after. 
At structural level, this implies that the induced damage is distributed in form of multiple 
cracking over a considerably larger volume, and the resulting energy absorption is 
significantly higher than in the case of a localized energy dissipation in materials with strain-
softening behavior or with a reduced capacity to form multiple cracks. 
However, SHCC yield a strain-rate sensitive tensile behavior, both in terms of tensile strength 
and strain capacity (Mechtcherine et al. 2011b; Mechtcherine et al. 2012). Achieving SHCC 
with a high energy dissipation capacity under impact loading can be ensured only by a 
targeted material design, which requires a good understanding of the strain rate effects on the 
main constitutive phases and on their interactions in the composite. 
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The typical SHCC compositions are a result of a micromechanics-based design. The 
micromechanical criteria assume a proper selection and fine adjustment of the composite 
constitutive phases, i.e., cementitious matrix, fibers and their resulting interaction. The key 
parameters which should be considered are presented in Figure 2.2. 
 
Figure 2.2. Matrix cracking and crack bridging in fiber reinforced concretes. 
There are two essential and complementary conditions for achieving strain-hardening in fiber 
reinforced composites, namely the strength criterion which governs the conditions for crack 
initiation, and the energy criterion which governs the crack propagation mode. The strength 
criterion, also the first crack stress condition, states that the crack bridging strength of the 
fibers should be higher than the matrix cracking strength. The energy criterion imposes 
steady-state cracking, which requires that the energy absorbed by the crack bridging fibers 
behind crack tip should be higher than the energy released by the surrounding matrix (Li 
1993). The extent of multiple cracking depends mostly on the effective margin between crack 
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bridging strength and first crack strength, and between matrix fracture toughness (resistance 
against crack propagation) and pre-peak crack bridging toughness (energy absorbed in the 
crack bridging process before reaching the crack bridging strength) (Kanda and Li 1998a; 
Kanda and Li 2006). The degree of multiple cracking (crack spacing) is governed also by the 
crack bridging parameters which determine the transfer of stresses from the fibers to the 
matrix, the so-called transmission length (Aveston and Kelly 1973) and on the inherent 
variability of the material properties and distribution of crack initiating flaws in the matrix (Li 
and Wang 2006; Lu and Leung 2016). 
The main material parameters and their influence on the micromechanical balance necessary 
for strain-hardening and multiple cracking of SHCC will be highlighted in the 
micromechanical constitutive relations presented in the following chapter. 
2.2 Micromechanics of SHCC 
2.2.1 Steady-state cracking 
The conditions for steady-state cracking in fiber reinforced composites with aligned fibers 
perpendicular to the crack plane were formulated analytically considering the energy balance 
at crack tip (Marshall et al. 1985; Marshall and Cox 1988). Marshall and Cox (1988) 
considered an existing crack on which the remotely applied tension load and the crack 
bridging action are acting as uniformly distributed stresses with opposite signs on each of the 
two crack flanks, see Figure 2.3a. 
 
Figure 2.3. a) Steady-state crack configuration used for energy balance analysis; b) net 
surface tractions acting on a steady-state crack; adapted from (Marshall et al. 1985). 
At a certain distance c0 from the crack tip, the crack bridging action completely balances the 
external load, which results in a crack opening approaching asymptotically a maximum 
equilibrium value 2ua. This means that the stress concentration at crack tip is independent on 
crack length. The stress intensity factor K at crack tip equals the sum of the stress intensity 
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factors due to external applied stress and due to fiber bridging on both crack flanks in the 
region c0, see Figure 2.3b. By using the path independent J-integral, the following relation for 
the stress intensity at crack tip was derived by Marshall and Cox (1988): 
𝐾2(1−𝜈2)
𝐸
= 2𝜎𝑎𝑢𝑎 − 2 ∫ 𝑝(𝑢)𝑑𝑢
𝑢𝑎
0
 (2.1) 
where E and ν are the Young’s modulus and Poisson’s ratio of the composite, σa is the crack 
surface pressure due to the external applied tensile load, ua is half the crack opening at crack 
mouth, while the integral represents the crack closing pressure due to fiber bridging. Marshall 
and Cox (1988) formulated the critical value for the stress intensity factor according to the 
critical fracture toughness of the non-reinforced matrix 𝐾𝑐𝑟𝑖𝑡
𝑚  above which no steady-state 
cracking can occur 
𝐾𝑐𝑟𝑖𝑡 = 𝐾𝑐𝑟𝑖𝑡
𝑚 𝐸/𝐸𝑚 (2.2) 
where Em is the Young’s modulus of the non-reinforced matrix. 
By replacing Kcrit with K in Eq. 2.1 and considering the left-hand side as the critical crack-tip 
toughness Jc, it results 
𝐽𝑐 =
𝐸(𝐾𝑐𝑟𝑖𝑡
𝑚 )
2
(1−𝜈2)
𝐸𝑚
2 = 2𝜎𝑎𝑢𝑎 − 2 ∫ 𝑝(𝑢)𝑑𝑢
𝑢𝑎
0
 (2.3) 
The above presented relation for steady-state cracking is schematically represented in 
Figure 2.4. The sufficiently low matrix toughness ensures that the crack propagates under 
constant applied stress σa which is lower than the maximum crack bridging strength σb. The 
condition for energy balance is demonstrated by the shaded area to the left of the crack 
bridging curve, corresponding to half the crack tip toughness Jc, which should be lower than 
the complementary bridging energy (the hatched area in the diagram). 
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Figure 2.4. Steady-state matrix cracking stress; adapted from (Marshall and Cox 1988). 
The above formulated relations were adapted to cementitious composites reinforced with 
short, randomly oriented fibers by a more detailed implementation of the crack bridging 
mechanisms (Li and Leung 1992; Li and Wu 1992). The crack bridging relationships were 
developed based on a simplified frictional fiber-matrix interaction, with the interfacial bond 
being weak enough for facilitating pullout of the fibers with no fiber rupture. The friction 
coefficient is independent of the slippage distance, while the Poisson effect of the tensioned 
fibers is neglected. The crack bridging relations for a single fiber embedded in matrix with an 
embedment length l and loaded at its free end were calculated based on force equilibrium. As 
shown in Figure 2.5, with increasing load P, debonding occurs. The displacement δ at the 
loaded end of the fiber increases because of the stretching of the fiber segment along the 
length of the debonded zone. A linear stress distribution along the debonded segment of the 
fiber was assumed. The displacement resulting from the elastic deformation of the interface 
was neglected. 
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Figure 2.5. Load-displacement relation for the frictional pullout of a single fiber. 
The resulting force-displacement relation up to the peak pullout load is 
𝑃(𝛿) =
𝜋
2
√(1 + 𝜂)𝐸𝑓𝑑𝑓
3𝜏𝛿 · 𝑒𝑓𝛷      (for δ ≤ δ0) (2.4) 
where df and Ef are the fiber diameter and modulus of elasticity, τ is the frictional bond 
strength and δ0 corresponds to the displacement at which debonding is completed along the 
entire embedded fiber length l: 
𝛿0 = (4𝑙
2𝜏)/[(1 − 𝜂)𝐸𝑓𝑑𝑓] (2.5) 
with 
𝜂 = (𝑉𝑓𝐸𝑓)/(𝑉𝑚𝐸𝑚) (2.6) 
where Vf and Vm are the fiber and matrix volume fractions, respectively. 
When the debonded zone reaches the embedded end, fiber pullout starts and the pullout load 
decreases. Considering a constant frictional bond and neglecting the elastic stretching of the 
fiber at this stage, the pullout force is related to the displacement according to Eq. 2.7: 
𝑃(𝛿) = 𝜋𝜏𝑙𝑑𝑓(1 −
𝛿
𝑙
)𝑒𝑓𝛷      (for l ≥ δ > δ0) (2.7) 
The exponential functions in Eqs. 2.4 and 2.7 stand for the snubbing effect of the inclined 
fibers, which describes the positive influence of fiber inclination on the pullout resistance (Li 
et al. 1990; Li et al. 1991). 
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Li et al. (1991) showed that the crack bridging relation in a composite with randomly oriented 
and discrete fiber reinforcement can be obtained by integrating the contributions of individual 
fibers. Given a crack bridged by fibers of length Lf, the shorter embedment length of the 
fibers on either side of the crack takes values between 0 and Lf/2. Considering only one-sided 
debonding of the fibers, i.e., only on the shorter embedded fiber portion on either crack flank, 
this results in the following crack bridging relation: 
𝜎𝐵(𝛿) =
4𝑉𝑓
𝜋𝑑𝑓
2 ∫ ∫ 𝑃(𝛿)𝑝(𝛷)𝑝(𝑧)𝑑𝑧𝑑𝛷
(𝐿𝑓/2)𝑐𝑜𝑠𝛷
𝑧=0
𝜋/2
𝛷=0
 (2.8) 
where p(Φ) and p(z) are the probability density functions of the orientation angle and 
centroidal distance of fibers from the crack plane. A uniform, three-dimensional, random 
distribution was considered, in which p(Φ) = sinΦ, for 0 ≤ Φ ≤ π/2, and p(z) = 2/Lf, for 
0 ≤ z ≤ (Lf/2)·cosΦ (Li et al. 1991). 
The peak crack bridging stress is 
𝜎𝑏 = 𝑔
𝑉𝑓𝜏
2
(
𝐿𝑓
𝑑𝑓
) (2.9) 
with the snubbing factor 𝑔 defined according to the snubbing coefficient 𝑓 (Li 1990; Li et al. 
1991): 
𝑔 =  
2
4+𝑓2
(1 + 𝑒
𝜋𝑓
2 ) (2.10) 
Half the crack opening displacement at peak crack bridging stress is  
𝛿𝑏 =  
𝜏𝐿𝑓
2
(1+𝜂)𝐸𝑓𝑑𝑓
 (2.11) 
Based on Eqs. 2.4, 2.7 and 2.8, the crack bridging law was formulated in normalized form up 
to the peak crack bridging stress: 
?̃?𝐵(𝛿) = 𝑔[2 (
?̃?
?̃?∗
)
1
2
−
?̃?
?̃?∗
]     (for 𝛿 ≤ 𝛿∗) (2.12) 
where 
?̃?𝐵 ≡ 𝜎𝐵/𝜎0 (2.13) 
σ0 being the maximum crack bridging capacity for aligned fibers (non-active snubbing effect, 
𝑔 = 1) and 𝛿 is the displacement 𝛿 normalized by Lf/2: 
𝛿 ≡ 𝛿/(𝐿𝑓/2) (2.14) 
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where 𝛿∗ is 𝛿 at peak crack bridging stress 
𝛿∗ ≡ (
2𝜏
(1+𝜂)𝐸𝑓
) (𝐿𝑓/𝑑𝑓) (2.15) 
The energy absorbed in the pre-peak crack bridging process through the debonding and 
pullout of the crack bridging fibers was estimated by integrating Eq. 2.12 with respect to 𝛿 up 
to 𝛿∗ 
𝐺𝑟 =
5
24
𝑔𝜏𝑉𝑓𝑑𝑓(
𝐿𝑓
𝑑𝑓
)2𝛿∗ (2.16) 
Considering Eq. 2.9, 2.11 and 2.16, the complementary crack bridging energy J´b is 
𝐽´𝑏  =  
1
12
𝑔𝜏2𝑉𝑓
𝐿𝑓
3
𝑑𝑓
2
1
(1+𝜂)𝐸𝑓
 (2.17) 
Relating this results to the generalized formulation in Eq. 2.3 the following condition is 
obtained: 
𝐸(𝐾𝑐𝑟𝑖𝑡
𝑚 )
2
(1−𝜈2)
2𝐸𝑚
2 ≤
1
12
𝑔𝜏2𝑉𝑓
𝐿𝑓
3
𝑑𝑓
2
1
(1+𝜂)𝐸𝑓
 (2.18) 
Obviously, a lower fracture toughness of the cementitious matrix facilitates an easier 
achievement of steady-state cracking. This is one important justification for the finely grained 
nature of the cementitious matrices of SHCC. However, lowering the fracture toughness of 
the constitutive cementitious matrices can be only done if certain performance requirements 
are still fulfilled by the composite, such as cracking strength, compressive strength, etc. 
The cementitious matrix is usually tailored with respect to the selected reinforcing fibers. In 
SHCC these are mostly high-performance polymer fibers of small diameters from 10 to 
40 µm and high aspect ratios of 150 and higher. These features are motivated by the condition 
in Eq. 2.18, which shows that the complementary crack bridging energy scales with fiber 
length Lf at cube and inversely with the square of fiber diameter df. The thin, flexible fibers 
with a high aspect ratio govern also the necessity to exclude sand or coarse aggregates from 
the cementitious matrices to ensure a proper fiber dispersion and their uniform distribution in 
the composite. 
The crack bridging capacity in Eq. 2.9 and the complementary bridging energy in Eq. 2.17 
scale with the fiber volume fraction Vf, with the interfacial bond strength τ and with the 
snubbing factor 𝑔. Increasing these parameters will increase the crack bridging capacity and 
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herewith the energy dissipated in the crack bridging process. Note that an increased Young’s 
modulus Ef of the fiber leads to a reduced complementary crack bridging energy and to an 
increased composite crack tip toughness by increasing the Young’s modulus of the composite 
E; see Eqs. 2.2 and 2.18. Thus, another advantage of using polymer fibers is indicated, which 
is related to their moderate Young’s modulus and high elongation at break compared, for 
example, to steel fibers. 
Increasing the fiber volume content is an effective method for increasing both the crack 
bridging strength as well as the complementary crack bridging energy (Yang et al. 2007). 
However, the fiber content is clearly limited by certain processability requirements, i.e., fresh 
state properties (Li et al. 1998), especially considering the high aspect ratios of fibers under 
consideration. 
In the simplified model for crack bridging presented above, a sufficiently weak interfacial 
bond strength was assumed, making it unnecessary to involve the tensile strength of the 
fibers. Obviously, a higher bond strength ensures a higher crack bridging capacity. However, 
an exaggerated bond strength may lead to premature fiber rupture, in this way limiting the 
energy dissipated both in the pre-peak and in the post-peak crack bridging phases (Li et al. 
1991; Maalej et al 1995; Yang and Li 2010). In composite systems with hydrophilic fibers 
which form a strong bond with the cementitious matrix (Kanda and Li 1998b; Li et al. 2001), 
in which fiber rupture dominates the failure mode, the tensile strength of the composite is less 
sensitive to further increase in bond strength. On contrary, a further increase in bond strength 
leads to a significant reduction of the complementary crack bridging energy in such 
composites (Lin et al. 1999; Kanda and Li 2006; Yang and Li 2010). This defines clear 
boundaries while tailoring the cementitious matrix, since the fiber-matrix interfacial bond 
strength is not only dependent on the fiber surface chemistry and roughness but also on the 
mechanical and physical properties of the cementitious matrix. Given that fibers with 
appropriate geometrical and mechanical properties are used, the micromechanical design of 
the cementitious matrices for SHCC results in an efficient utilization of the fibers, ensuring 
strain-hardening, quasi-ductile behavior with a minimum fiber volume fraction (Li 1995; 
Yang and Li 2010). 
Note that if there is a certain margin for satisfying the first crack strength and steady-state 
cracking conditions, a stronger interfacial bond in combination with stiff fibers yield a 
composite with a high tensile strength and low crack width, which is favorable for durability 
STATE OF THE ART 
17 
 
considerations (Curosu et al. 2017). On the other side, a higher complementary energy may be 
associated to wider cracks, which, in combination with a pronounced multiple cracking, 
ensures higher strain and energy dissipation capacities (Ranade et al. 2015; Curosu et al. 
2017). 
In certain composite systems, the snubbing effect may have a positive effect on the crack 
bridging capacity of the fibers. However, the influence of fiber inclination on the pullout 
behavior varies depending on fiber-matrix combination, and it should be experimentally 
investigated for each type of composite. In normal-strength cementitious composites the 
pullout of inclined fibers at higher inclination angles may result in matrix spalling at the exit 
point of the fiber, leading to a reduced effective embedment length and pullout resistance (Li 
et al. 1991; Yang et al. 2008). More than that, the pullout of inclined fibers may induce 
pronounced surface damage leading to premature fiber failure (Kanda and Li 1998b; Lin et al. 
1999; Yang et al. 2008). If, however, the tensile strength and abrasion resistance of the fibers 
are high enough, this effect may result in a slip-hardening pullout behavior with a positive 
influence on the crack bridging capacity (Ranade et al. 2013). 
2.2.2 First crack stress 
Given the crack bridging law in Eq. 2.12, Li and Leung (1992) determined the condition for 
crack initiation in the composite. The first crack stress, also first crack strength, is the applied 
tension stress at which an uncontrolled growth of an existing flaw / crack throughout the 
given cross-section of a composite occurs. The existing flaw was considered as a short 
Griffith type crack, with the stress intensity at crack tip depending on crack length 2c, on the 
remotely applied tension stress and on the crack closing pressure due to fiber bridging 
(Marshall et al. 1985; Leung and Li 1989; Li and Leung 1992). For approximating the crack 
tip stress intensity, a parabolic crack was assumed with uniform crack bridging stresses on the 
crack flanks, as shown in Figure 2.6. This approximation holds as long as no steady-state 
crack growth is reached. 
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Figure 2.6. Half of a penny shaped crack under uniform tension and uniform crack closing 
pressure; adapted from (Leung and Li 1989). 
The stress intensity at the tip of a penny shaped crack in an infinite body subjected to 
externally applied stress σ is given in normalized form as 
?̃?𝐿 =
𝐾𝐿
𝜎0√𝑐0
= 2√
𝑐̃
𝜋
?̃? (2.19) 
where ?̃? = σ/σ0, and ?̃? is the normalized crack radius 
?̃? =
𝑐
𝑐0
 (2.20) 
with 
𝑐0 = (
𝐿𝑓𝐸
2𝐾𝑡𝑖𝑝
)2
𝜋
16(1−𝜈2)2
 (2.21) 
The stress intensity factor due to fiber bridging may be obtained by integrating the crack 
closing pressure over crack profile (note the negative sign) 
?̃?𝐵 =
𝐾𝐵
𝜎0√𝑐0
= −2√
𝑐̃
𝜋
∫ ?̃?𝐵(𝛿)
𝑅𝑑𝑅
√1−𝑅2
1
0
 (2.22) 
with 𝑅 = 𝑟/𝑐0. 
The half of crack opening is given in normalized form as 
𝛿 = √?̃?(1 − 𝑅2) (2.23) 
With the condition ?̃?𝐿 + ?̃?𝐵 =  ?̃?𝑇𝐼𝑃 the first crack stress normalized by 𝜎0 is given as 
?̃?𝑓𝑐 = 𝑔[(
4
3
√𝑐̅ −
𝑐̅
2
) +
√𝜋
2
?̅?
𝑐̅
] (2.24) 
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where ?̅? is the ratio of crack tip energy absorption to the energy absorbed by the fiber 
bridging action behind the crack front 
?̅? =
𝐾𝑡𝑖𝑝
𝜎0√𝑐0𝑔?̃?∗
=
16𝐸𝐾𝑚
2 (1−𝜈2)(1+𝜂)𝐸𝑓𝑑𝑓
2
√𝜋𝑔𝑉𝑓𝜏
2𝐿𝑓
3  (2.25) 
and the normalized crack radius according to the peak-crack bridging displacement 
𝑐̅ =  
√𝑐̃
?̂?∗
 (2.26) 
For steady-state cracking to occur, the stress intensity at crack tip should reach a critical value 
before the stress at the midpoint of the crack reaches the peak crack bridging stress ?̃?𝑚. This 
also means that, upon reaching the critical stress intensity, half the crack opening at the 
middle of the crack should be less than half the crack opening displacement at peak crack 
bridging δb. This implies that the curve ?̃?𝑓𝑐 − 𝑐̅ should intersect the curve ?̃?𝑚 − 𝑐̅ before or 
maximum at the peak of the latter; see Figure 2.7. Consequently, at the middle of the crack 
r = 0; 𝛿 = 𝛿∗ = √?̃?; resulting in 𝑐̅ = 1.  
 
Figure 2.7. First crack stress and crack bridging stress as function of crack radius; condition 
for steady-state cracking requires these two curves to meet, i.e., ?̅? ≤ ?̅?𝑐𝑟𝑖𝑡 (Li and Leung 
1992). 
For this, the normalized critical crack tip toughness ?̅? should be limited to a maximum value 
above which no steady-state cracking can occur. In case of a higher ?̅? the composite becomes 
notch sensitive and fails immediately after reaching the first crack strength despite being 
tougher than the non-reinforced matrix. This is because the fibers bridging the crack cannot 
take over the stress released by the cracked matrix. The stress at failure will depend on the 
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flaw size in this case; see Figure 2.7 (Li and Leung 1992). If ?̅? is smaller than the critical 
value, multiple cracking is likely to happen for flaw sizes 𝑐?̅?𝑐 <  𝑐̅ ≤   𝑐?̅?. 
It should be mentioned that the assumption of a parabolic crack overestimates the crack 
opening and crack closing pressures and, consequently, the first crack strength (Marshall et al. 
1985). Given the magnitude of the error of approximately 20% (Marshall et al. 1985) a 
reduction factor of 0.8 was suggested by Kanda and Li (2006) or a semi-parabolic crack 
profile by Kanda and Li (1998a). 
Eq. 2.24 shows the positive effect of fiber bridging on the first crack stress by increasing the 
critical crack tip stress intensity of the composite compared to that of the non-reinforced 
matrix. Also, it shows the importance of the existing flaws of a certain size for initiating crack 
formation and for ensuring the pseudo-strain-hardening behavior. Furthermore, Eq. 2.25 
emphasizes the importance of a high crack bridging strength and of a sufficient crack bridging 
compliance (as judged by 𝛿∗) in achieving steady-state cracking, given a matrix with a 
specific fracture toughness Km. 
2.2.3 Multiple cracking 
The multiple cracking phenomenon was analyzed by Aveston and Kelly (1973) in brittle 
matrix composites reinforced with randomly oriented fibers, in which the failure strain of the 
fibers is considerably higher than that of the matrix, this being also valid for SHCC. The crack 
spacing was approximated according to the so-called transmission distance 𝑥𝑑, which is the 
distance from the crack surface at which the tensile stresses induced by the fibers into the 
matrix reach the tensile strength of the matrix, thus leading to the formation of a new crack: 
𝑥𝑑 =
𝐿𝑓−√𝐿𝑓
2 −2𝜋𝜓𝐿𝑓𝑥
2
 (2.27) 
with ψ = 4/(πg) accounting for 3D fiber randomness and 𝑥 being the transmission distance for 
composites with continuous aligned fibers: 
𝑥 =
(1−𝑉𝑓)𝜎𝑚𝑢𝑑𝑓
4𝑉𝑓𝜏
 (2.28) 
where σmu is the tensile strength of the matrix. 
Wu and Li (1995) advanced this model for simulating a more realistic multiple cracking 
behavior by considering a stochastic flow-size distribution in the composite. It was shown that 
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accounting for the inherent content and distribution of flaws leads to a better approximation of 
the crack spacing but also to a realistic modelling of strain-hardening, i.e., multiple cracking 
under increasing tensile stresses. Li and Wang (2006) showed that the introduction of 
artificial flaws of appropriate size into the matrix may considerably increase the extent of 
multiple cracking in SHCC. Furthermore, Lu and Leung (2016) showed the importance of 
considering the increasing degree of fiber pullout and rupture at increasing stress levels for a 
more accurate analytical assessment of the crack spacing. 
2.2.4 Summary 
The fundamental conditions for the strain-hardening, quasi-ductile behavior of fiber 
reinforced cementitious composites were presented in terms of strength and fracture 
mechanical properties. The main material design conditions for SHCC can be summarized as 
follows: a) the crack bridging capacity of fibers (stress transfer across a crack) must be higher 
than the matrix cracking strength (stress level at initial cracking), which can be ensured by a 
sufficiently high fiber content, high fiber tensile strength and adequate fiber-matrix bond 
strength; b) the fiber-matrix bond strength should be limited to the extent at which it allows a 
progressive interfacial debonding of fibers bridging a crack, thus, ensuring sufficient free 
length for fiber deformation with crack opening and preventing premature fiber failure; c) the 
fracture toughness of the matrix should be sufficiently low, and the matrix should contain 
numerous, well distributed crack initiators (flaws) to promote formation of multiple steady-
state cracks. 
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2.3 Effects of increasing strain rates on the tensile behavior of SHCC 
The tensile behavior of SHCC containing polyvinyl-alcohol (PVA) fibers at strain rates of up 
to 1 s-1 (i.e., in quasi-static and low-speed dynamic regimes) was described by Yang and Li 
(2014). To evaluate the strain rate dependency of the composite’s performance, the authors 
analyzed the behavior of individual components and showed that each of them exhibits strain-
rate sensitivity. The authors showed that the fracture toughness of the cement-based matrix, 
the tensile strength and Young’s modulus of PVA fibers as well as the chemical bond 
between PVA fibers and matrix increased with increasing loading rates. It was concluded that 
the disproportionate changes of the components’ properties under higher strain rates led to 
violations of the micromechanical criteria for multiple cracking as formulated for the case of 
quasi-static loading. 
The tensile behavior of a ‘typical’, i.e., normal-strength SHCC made with PVA fibers, under 
low and high strain rates was investigated by Mechtcherine et al. (2011b). For the tests 
performed at strain rates up to 10-1 s-1, SHCC showed a moderate increase in tensile strength 
and a simultaneous decrease in strain capacity with increasing strain rate. The decrease in 
strain capacity could be traced primarily to much less pronounced multiple cracking in 
comparison to testing under quasi-static conditions. Furthermore, with increasing loading rate 
fiber rupture rather than fiber pullout became the ever more common characteristic for SHCC 
behavior at the given loading rates. Similar tendencies were reported also by Mechtcherine et 
al. (2012) for SHCC tested in a low-speed dynamic regime at various temperatures. However, 
when tested in the high-speed regime at strain rates from 10 to 50 s-1, a considerable increase 
in tensile strength and strain capacity was measured (Mechtcherine et al. 2011b), even though 
no pronounced multiple cracking was observed visually on the specimen surfaces. Also, the 
failure of the composite at the highest strain rates was accompanied by the pullout of most of 
the fibers crossing the macro-crack. The same phenomena were observed by Mechtcherine et 
al. (2011a) who tested a similar SHCC under strain rates between 140 and 180 s-1 using the 
Hopkinson bar in the spallation configuration. 
Yang and Li (2012) described some micromechanical design principles for obtaining SHCC 
which preserve their strain capacity under dynamic loading. As per the authors, one of the 
main criteria for preserving ductility under higher loading speeds is to reduce the strain-rate 
sensitive chemical bond between fibers and matrix and to insure fiber bridging rather through 
frictional bonding, which, according to the authors, is less sensitive to strain rate changes. The 
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efficacy of this approach was demonstrated by testing a polyethylene-fiber-reinforced SHCC 
at strain rates of up to 10-1 s-1. Nonetheless, simply by eliminating the chemical bond, the 
strain capacity of such composites does not become independent of strain-rate. This is 
especially noticeable under higher strain rates. After investigating at strain rates of up to 10 s-1 
a type of high-strength SHCC made of ultra-high-strength matrix and ultra-high molecular 
weight polyethylene fibers, Ranade et al. (2015) concluded that, along with the increase in 
matrix toughness, the strain capacity was mostly influenced by the increase in Young's 
modulus of fibers with increasing displacement rate, which resulted in narrower cracks and 
consequently in a slightly reduced strain capacity. 
The current knowledge regarding the effect of increasing strain rates on the tensile behavior 
of SHCC is mainly limited to low and intermediate strain rates. The effect of high strain rates 
on the mechanical properties of the component phases are expected to be even more 
pronounced. In the case of the brittle cementitious matrices a considerable increase in tensile 
strength may be expected (Schuler et al. 2006; Weerheijm and Van Doormal 2007). Similarly, 
the highly strain rate sensitive polymer fibers may yield a considerable increase in tensile 
strength and Young’s modulus but a decrease in elongation capacity at high strain rates 
(Govaert and Peijs 1995; Russel et al. 2013). As shown in Section 2.2, these parameters 
define the micromechanical balance in SHCC. Although the increase in the mechanical 
properties of the components is expected to lead to an increased tensile strength of SHCC 
when subjected to impact loading, the unbalanced enhancement of the properties may, 
however, result in the alteration of the micromechanical interactions and, consequently, in an 
even stronger loss of the quasi-ductility in comparison to that observed for the moderate strain 
rates. 
Thus, there is need for a reliable quantitative basis that could enable the formulation of 
material design recommendations with respect to high strain rates, which, at its turn, can be 
only achieved with adequate testing methods. In the following chapter an overview of the 
experimental techniques for investigating the uniaxial tensile behavior of concrete and fiber-
reinforced cementitious composites under impact loading will be presented, while emphasis 
will be placed on their applicability to SHCC. 
  
STATE OF THE ART 
24 
 
2.4 Experimental techniques for uniaxial tensile testing under impact loading 
Modern high-rate servo-hydraulic testing machines enable displacement speeds higher than 
ten meters per second, which theoretically qualifies them as applicable for impact tension 
tests (Zhu et al. 2011). A big advantage of this kind of equipment is the possibility of 
performing quasi-static and impact tension experiments in one testing setup and on common 
specimen geometries. However, impact tension tests using servo-hydraulic machines have an 
important disadvantage related to the quality of the force measurements. The sudden release 
of hydraulic pressure for loading the specimen and the loading process itself cause vibrations 
in the entire testing frame or in individual parts of the setup which distort the effective 
specimen response, especially when the oscillations are of high amplitudes due to resonance 
effects. Such a measured response lacks the accuracy of the experiments at lower strain rates 
(Mechtcherine et al. 2011b; Yao et al. 2015). The oscillations can be filtered if the vibration 
modes of the testing setup are known (Zhu et al. 2011), however, this is problematic when the 
frequency content of the setup ringing is close to that of the specimen response, such as in the 
case of a short experiment duration, i.e., at high strain rates. For this reason, but also because 
of other aspects presented further in the current section, the servo-hydraulic testing setups 
mainly enable reliable measurements of the material response at strain rates below 10 s-1. 
Drop-weight installations use the kinetic energy of a falling weight for loading the specimen. 
The main advantage of the drop-weight setups is the high achievable impact speeds at modest 
construction costs. The drop weight installations are usually used for experiments at structural 
level, such as for impact tests on beams or plates (Banthia et al. 1989; Zhang et al. 2007), but 
may be adopted for uniaxial tension tests (Ortlepp 2006). Similar to the servo-hydraulic 
testing machines, already at intermediate strain rates this kind of testing setups may not 
enable a straightforward assessment of the material behavior, if the dynamic effects in the 
specimen and in the setup cannot be controlled and quantified.  
Reinhardt et al. (1986) adopted the gravitational load generating method for a vertical split 
Hopkinson bar, enabling a material response assessment based on the propagation of one-
dimensional waves. The tensile strength of the specimen, which is glued between the input 
bar (bottom) and output bar (top), is derived based on the wave transmitted by the loaded 
specimen to the output bar, while the deformation is measured on the specimen with 
convenient techniques (Weerheijm and Vegt 2010). Moderate strain rates ranging from 0.05 
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to 25 s-1 and loading rates between 2 and 60 GPa/s were reported based on experiments on 
ordinary concrete (Zielinsky 1982; Weerheijm et al. 1991; Rossi et al. 1994). 
Tran and Kim (2013) reported on an impact testing machine with a loading principle based on 
strain energy accumulated in elastic longitudinal bars. Tensile strain energy is stored in two 
parallel energy bars until a notched steel coupler connecting the bars and the hydraulic jack 
fails. This causes a sudden release of the strain energy leading to a fast, longitudinal 
displacement of the energy bars, which is used for loading the specimen in tension via an 
impact plate (anvil). The specimen is connected at one end to the energy bars through the 
impact plate, while at the other end it is fixed to a transmitter bar, on which strain gauges are 
attached for capturing the transmitted wave. The coupler determines the extent of the stored 
elastic energy in the bars and, consequently, the loading speed, which can exceed 10 m/s. The 
deformations of the specimens are measured optically. Due to the parallel arrangement of the 
transmitter and energy bars, such a setup has relatively compact dimensions and can be 
assembled horizontally or vertically (Pyo and El-Tawil 2015). The disadvantage of such a 
testing configuration is that there is no information regarding the effective loading wave 
induced into the specimen through the impact plate. 
2.4.1 Split Hopkinson bar 
The development of the split Hopkinson pressure bar, also Kolsky bar (Kolsky 1949), put the 
basis for most of the currently used material testing techniques under dynamic loading (Gama 
et al. 2004). A schematic configuration of a modern split Hopkinson pressure bar is presented 
in Figure 2.8. The apparatus consists of two long, horizontally positioned, slender bars 
between which a cylindrical specimen is sandwiched. Explosive charges may be employed for 
generating the loading pulse at the free end of the incident bar. However, gas guns imply a 
safer and cheaper option. The gas guns accelerate a cylindrical striker towards the incident 
(input) bar. The impact of the striker with the bar generates a compressive loading pulse with 
the amplitude depending on the impact velocity, stiffness and mass of the striker, while the 
pulse duration depends on the length of the striker. The striker is made of the same material as 
the input bar, usually steel or aluminum. For various requirements, the loading pulse can be 
shaped with the help of thin inserts (pulse shapers) between the striker and the incident bar, or 
by modifying the shape of the striker.  
As shown in Figure 2.8, when reaching the specimen in phase I, the compressive input wave 
is partially reflected towards the impact end of the incident bar and partially it travels further 
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through the specimen towards the transmitter bar. The magnitudes of the transmitted and 
reflected waves depend on the impedances of the bar and specimen materials if the diameters 
of bar and specimen are equal, but also on dynamic mechanical properties of the specimen. 
The compressive strength of the specimen determines the magnitude of the transmittable 
compressive wave (3) to the transmitter bar. This transmitted wave will then travel towards 
the end of the transmitter bar, where it will reflect as a tensile wave with the same magnitude. 
Compression and tension impact tests can be performed with such a configuration. The 
difference between the compression test and the tension test is that, in the first case, the 
specimen must be damaged by the compressive wave (1) in phase I, while in the second, the 
specimen must be damaged only by the tensile wave (4) in phase II; see Figure 2.8. 
 
Figure 2.8. Split Hopkinson pressure bar: schema and wave propagation. 
The waves are captured with the help of strain gauges glued on the input and output bars at 
positions where no wave overlapping occurs prior to specimen fracture. The strains recorded 
by the strain gauges enable the derivation of the loading conditions and of the specimen 
response in terms of stress, strain and strain rate as a function of time (Kolsky 1949). 
The cementitious composites allow performing impact tension tests with this configuration 
because their tensile strength is considerably lower than the compressive strength. However, 
in the case of tension testing, the magnitude of the applied strike should be limited to a level 
at which no compressive damage is induced into the specimen, which normally implies a 
limitation to moderate strain rates. Another disadvantage is related to the fact that the shape of 
the tensile loading wave (4) is altered compared to the input compressive wave (1) due to the 
passage of the latter through the specimen and specimen-bar interfaces. Furthermore, the 
relatively short loading wave as dictated by the physically reasonable length of the impactor 
might not achieve strain localization in a quasi-ductile specimen with a multiple cracking 
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behavior such as SHCC. This is because the length and amplitude of the input tensile pulse 
define the displacement of the loading bar’s end at the interface with the specimen (in this 
case transmitter bar). It follows that the length of the investigated SHCC specimens should be 
limited according to their estimated strain capacity and bar’s end displacement (Curosu et al. 
2014).  
2.4.2 Split Hopkinson tension bar 
There are various modifications of the original split Hopkinson bar intended for achieving a 
direct tensile wave (Xia and Yao 2015), including the already mentioned configuration by 
Reinhardt et al. (1986). Some of them are especially interesting, since they imply a long 
tensile pulse, which is important when testing quasi-ductile materials like SHCC. 
Gerlach et al. (2012) proposed a new split Hopkinson bar design which uses a non-
symmetrical U-shaped striker bar as projectile. Typically, hollow tubes which sit around the 
input bar are used as strikers. The tensile loading wave is generated by accelerating the 
hollow striker with the help of compressed air towards the free end of the input bar so that it 
strikes the flange at the bar’s end. Such a configuration implies that a portion of the input bar 
remains unsupported. For avoiding sagging of the unsupported input bar, which results, 
among others, in an impaired input wave, the length of the hollow projectile is usually limited 
to lengths of up to 500 mm. This results in tensile pulses of duration shorter than 0.2 ms. The 
advantage of the U-shaped projectile is that the input bar may be supported along its entire 
length. In this way, the length of the projectile may be much bigger. This enables long pulses 
of even 1 ms, facilitating impact tests on ductile materials at intermediate and high strain 
rates. 
Cadoni et al. (2009) reported on a modified split Hopkinson tension bar, in which the loading 
pulse is caused by the sudden release of the elastic energy accumulated in a pre-tensioned bar. 
The pre-tensioned bar is connected to the input bar and the pre-tensioning is done with the 
help of a hydraulic jack until a brittle intermediate piece in the blocking device at the 
connection between the pre-tensioned bar and input bar breaks. This causes a sudden release 
of elastic energy and a fast, elastic contraction of the pre-tensioned bar, inducing the tensile 
loading pulse into the input bar. With this configuration, a pulse duration of 2.4 ms can be 
achieved. More details on this technique are given in Section 4.3. 
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The split Hopkinson tension bar configurations have the major advantage of facilitating an 
almost complete qualitative and quantitative description of the mechanical behavior of non-
instrumented specimens under impact tensile loading (except for the Young’s modulus). 
However, since the stress-strain curves are derived based on the measurements in the incident 
and transmitter bars, dynamic stress equilibrium in the specimens should be reached before 
failure. Otherwise the specimen fails under a stress gradient between its ends (non-uniform 
distribution of stresses and strains), and the mechanical behavior cannot be reliably assessed. 
The condition for stress equilibrium requires a certain number of wave reverberations 
between the specimen’s ends necessary for achieving equal forces at both specimen-bar 
interfaces, which also implies a limitation of specimen length. 
2.4.3 Split Hopkinson bar - spall configuration 
Another widely used configuration of the split Hopkinson bar for testing concrete and mortar 
under tensile impact is based on the spalling phenomenon. Spalling fracture is caused by a 
tensile wave resulted as a reflection of a compressive wave at the free surface of a solid or at 
the transition to a material of lower acoustic impedance. As opposed to the methods described 
above, the compressive wave generated in the incident bar reflects at specimen’s end, 
meaning that the split Hopkinson bars in the spalling configuration require no transmitter bar. 
Fracture in the specimen occurs at the location where the magnitude of the reflected tensile 
wave, or the resulting stress from the unloading part of the compressive wave and the 
propagating front of the reflected tensile wave, reaches the tensile strength of the tested 
material if also the energy criterion is fulfilled. No dynamic stress equilibrium is reached in 
the specimen under these loading conditions, which enables tests at considerably higher strain 
rates and on longer specimens (Erzar and Forquin 2010; Weerheijm and Vegt 2010). 
However, the condition for linear elastic wave propagation in the specimen before fracture is 
important for accurately reconstructing the profile of the resulting tensile wave. For this 
reason, the magnitude of the compressive pulse should not exceed the static threshold of non-
linearity of the tested material (Weerheijm and Van Doormaal 2007).  
Klepaczko and Brara (2001) proposed a Hopkinson bar in the spall configuration in which 
non-instrumented specimens are tested. Such a configuration has the advantage that the 
influence of additional factors (temperature, humidity etc.) on the tensile behavior of concrete 
at high strain rates of 120 s-1 can be investigated. At the same time, the fact that no 
measurements are done on the specimen requires a more detailed analysis of wave mechanics. 
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The tensile wave in the specimen is reconstructed assuming a superposition of elastic waves 
based on the compressive wave recorded in the incident bar. A high-speed camera monitors 
the specimen during the experiment for capturing the location and time of failure. Based on 
the reconstructed stress field in the specimen at any time, the tensile strength is the theoretical 
(reconstructed) stress in the moment and at the position of failure localization. This is the only 
derivable material parameter in this configuration. 
Schuler et al. (2006) proposed a different evaluation method for spalling experiments with the 
Hopkinson bar which additionally enables the assessment of the dynamic Young’s modulus 
and fracture energy at strain rates between 101 and 102 s-1. The tensile strength of the 
specimen is derived based on the pull-back velocity at the specimen’s free end. This can be 
measured by laser or by integrating the measurements of an accelerometer attached to the 
specimen. The specific fracture energy is derived from the impulse transfer between the 
fractured fragments. The fracture energy is the energy dissipated between two moments in 
time which are: time where crack initiation starts and time where crack is completely open. 
The velocities of the fragments at crack initiation are computed analytically, while the 
velocities of the fragments during their separation are measured with a high-speed optical 
extensometer. The specimen is instrumented with strain gauges for determining the velocity 
of the compressive wave, which allows calculating the dynamic Young’s modulus of the 
material. A more detailed characterization of this method is given in Section 4.2. 
Galvez Diaz-Rubio et al. (2002) performed spall experiments on long, instrumented ceramic 
specimens. According to the authors, recording the transmitted tensile pulse in the specimen 
after fracture cannot enable an accurate assessment of the tensile strength of the tested 
material because the transmitted tensile pulse weakens during its propagation through the 
specimen. Consequently, for a reliable measurement of the dynamic tensile strength, the 
location of fracture should be known or predefined (notched specimens), which would enable 
the positioning of the strain gauges in the immediate vicinity of the fracture location. 
Weerheijm and Van Doormaal (2007) proposed a spalling configuration of the split 
Hopkinson bar with extensively instrumented specimens for measuring the tensile strength, 
Young’s modulus, specific fracture energy but also for being able to reconstruct the stress-
deformation curve in the region of fracture. The incident bar is loaded with the help of an 
explosive charge, enabling loading rates higher than 1000 GPa/s. Only results for ordinary 
concrete have been reported. 
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Despite offering the possibility of testing larger specimens at higher strain rates compared to 
the split Hopkinson tension bars, in spall experiments it is not possible to characterize the 
tensile behavior of the specimens in terms of stress-strain relations. Stress-deformation 
diagrams on notched specimens may be reconstructed if the specimen is instrumented 
correspondingly and if the assumption regarding the elastic state of the material up to failure 
is met (Weerheijm and Vegt 2010). This condition might be achievable in brittle concretes or 
mortars. But, considering the non-linear strain-hardening tensile behavior of SHCC, the 
validity of this assumption is questionable. Nevertheless, the spalling experiments can offer a 
valuable description of SHCC’s energy dissipation capacity under very high strain rates. 
Moreover, the published works on spalling experiments on fiber reinforced concretes (Millon 
et al. 2009; Nöldgen et al. 2013) and SHCC (Mechtcherine et al. 2011a) may serve as a good 
comparative basis for evaluating new types of SHCC based on their matrix compositions and 
fiber types. 
2.4.4 Summary 
The variety of existing methods for testing cementitious materials under uniaxial tensile 
impact loading must be regarded according to their meaningful application on SHCC. As 
opposed to ordinary concrete, for a complete material characterization of SHCC it is 
important to derive accurately the stress-strain and stress-crack opening relations. At high 
strain rates this can be mainly done by implying some currently existing modifications of the 
traditional split Hopkinson bar, in which the loading and response of the tested materials is 
analyzed based on longitudinal transient waves in long slender bars. The tension Hopkinson 
bars offer the possibility of a complete characterization of the tensile behavior of the 
composite. However, such testing setups assume some limitations related to the specimen 
size. Spall experiments with the Hopkinson bar offer the possibility of testing larger 
specimens and, potentially, at higher strain rates. However, the evaluating protocols in this 
experimental technique are based on some assumptions which might not necessary hold true 
in the case of SHCC. In any case, the spall experiments may offer a valuable qualitative 
characterization of the energy absorption capacity of SHCC under impact loading. 
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3 MATERIALS UNDER INVESTIGATION 
3.1 Polymer fibers 
Based on the current knowledge about the influence of the increasing strain rates on the 
tensile behavior of SHCC as presented in Section 2.3, two different types of polymer fibers 
were selected for this study, namely hydrophilic PVA fibers and hydrophobic HDPE fibers. 
The investigated PVA fibers are high-tenacity Kuralon K-II REC15 fibers produced by 
Kuraray, Japan (Kuralon Data Sheet). Their diameter is 40 µm and the cut length is 12 mm; 
see Table 3.1. According to Kuraray, they have a tensile strength of 1600 MPa and a Young’s 
modulus of 40 GPa. Because of their pronounced hydrophilic nature resulting in a strong 
interfacial bond with cement-based matrices, these PVA fibers are coated with an oiling agent 
during production, which is an effective measure for limiting the bond strength and, thus, 
ensuring a favorable crack-bridging behavior in cement-based matrices (Redon et al. 2001; Li 
et al. 2002). 
The HDPE fibers are produced by DSM, the Netherlands, under the product name Dyneema 
SK62 (Dyneema Fact Sheet 2010). They have a tensile strength of 2500 MPa and a Young’s 
modulus of 80 GPa. Their cut length is also 12 mm, but the diameter is just 20 µm, i.e., half 
the diameter of the PVA fiber; see Table 3.1. 
Table 3.1. Properties of the polymer fibers under investigation. 
Producer Kuraray DSM 
Brand Kuralon® Dyneema® 
Material (fiber type) PVA HDPE 
Diameter [µm] 40 20 
Length [mm] 12 12 
Aspect ratio [-] 300 600 
Density [g/cm3] 1.26 0.97 
Tensile strength [MPa] 1600 2500 
Tensile modulus of elasticity [GPa] 40 80 
Elongation at break [%] 7 3.5 
The surface texture and the diameters of the analyzed PVA and HDPE fibers are shown in 
Figure 3.1. The PVA fiber has a smooth surface, whereas the HDPE fiber shows relatively 
deep longitudinal grooves putting in evidence the oriented fibrils. 
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Figure 3.1. Diameter and surface texture of the PVA and HDPE fibers under investigation. 
For supporting the statements regarding the extremely different characters of the selected 
fibers in terms of interaction with water, dynamic contact angle measurements were 
performed on the investigated PVA and HDPE fibers. Curosu et al. (2017) showed that 
comparative contact angle measurements (wettability tests) performed on various polymer 
fibers correlate with the interfacial bond strength developed by the fibers in a cementitious 
system. In the following sections, the testing method and the results of the contact angle 
measurements are presented. 
3.1.1 Testing setup for contact angle measurements 
The experiments were performed at Leibniz Institute of Polymer Research Dresden, Germany, 
with an in-house built tensiometer for single-fiber measurements according to the Wilhelmy 
method (Wilhelmy 1863). The contact angle measurements were conducted on as-received 
fibers, i.e., without any cleaning procedure. Figure 3.2 shows a schematic of this apparatus. 
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Figure 3.2. Schematic view of the in-house built single fiber tensiometer (Curosu et al. 2017). 
In this investigation, a single fiber was fixed with double-sided adhesive tape vertically on a 
sample holder and afterwards connected to a high sensitive Sartorius microbalance 
(sensitivity 1 µg). On top of a motor-driven stage a small glass beaker was placed, containing 
purified water (Millipore® quality, 0.055 µS conductivity, surface tension 72.5 mJ/m²). The 
measurements were carried out in an ambient environment (23°C, 50% RH). At the beginning 
of the experiment, the water surface was moved upwards with a velocity of 1.5 mm/min until 
the fiber contacted it. A spontaneous change in weight of ±10 µg was defined as the threshold 
value. Immediately the immersion velocity was decreased to 1 mm/min and the measurement 
values were recorded every second. After reaching the maximum immersion depth of 1 mm, 
the motion was stopped for 3 seconds and subsequently the fiber was withdrawn at the same 
velocity. The measurement was completed a few seconds after the fiber emerged from the 
water. 
Theoretically, the measured force Fm is the sum of the gravitational force, the mass of fiber 
and sample holder Fg, the wetting force Fw, and the buoyancy force Fb, see Eq. 3.1: 
𝐹𝑚 =  𝐹𝑔 +  𝐹𝑤 +  𝐹𝑏 = 𝑚 ∙ g +  𝜋 · 𝑑 ·  𝛾𝑙𝜈  · 𝑐𝑜𝑠𝜃 + 
𝜋 · 𝑑2
4
 · ℎ ·  𝜌𝑙  · 𝑔 (3.1) 
where m is the mass of fiber and sample holder, 𝑔 the acceleration of gravity, d the fiber 
diameter, lv the liquid surface tension,  the contact angle at the three-phase contact line, h 
the immersion depth and l the liquid density, see Figure 3.3.  
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Figure 3.3. Schematic of a single-fiber Wilhelmy experiment (Curosu et al. 2017). 
As the microbalance is tared at the beginning of each measurement, the gravitational force of 
the fiber and sample holder is zero. Compared to the wetting force, the buoyant force of a 
very thin fiber is less than 1% and can, in principle, be neglected. Thus, Eq. 3.1 can be 
reduced to Eq. 3.2:  
𝐹𝑚 =  𝐹𝑤 =  𝜋 · 𝑝 ·  𝛾𝑙𝜈  · 𝑐𝑜𝑠𝜃 (3.2) 
The diameter of the fibers was measured using a light microscope with an accuracy of 0.5 µm. 
The contact angles for each type of fiber were calculated from the received force data for at 
least 8 different measurements (fibers). Hence, an average curve was generated and 
subsequently the mean advancing and receding contact angle values were determined in the 
range of 0.2 to 0.8 mm immersion depth. The contact angle hysteresis (CAH) is the difference 
between the advancing contact angle and the receding contact angle and gives information 
about the chemical and morphological heterogeneity of the fiber surface. 
3.1.2 Contact angle measurements 
The results of the Wilhelmy experiments are summarized in Figure 3.4 and Table 3.2. With an 
average advancing contact angle of 34° the PVA fibers yield a considerably more pronounced 
wettability compared to the HDPE fibers, which show a higher water contact angle θA of 
approximately 92° and a moderate contact angle hysteresis. This demonstrates the pronounced 
hydrophilicity of the PVA fibers and the low surface energy of the HDPE fibers, explaining 
the weaker mechanical interaction between the HDPE fibers and the cementitious matrices in 
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comparison to PVA fibers, which was observed in earlier studies already (Li et al. 1995b; 
Yang and Li 2012). 
 
Figure 3.4. Average advancing and receding contact angle values, the error bars represent 
standard deviations. 
Table 3.2. Average contact angles and CAH values, standard deviations are given in 
parentheses. 
Angle PVA REC-15 HDPE Dyneema 
Advancing contact angle θA [°] 34 ± 5 92 ± 4 
Receding contact angle θR [°] 16 ± 6 78 ± 6 
Hysteresis CAH Δθ [°] 18 14 
The results of the contact angle measurements meet the expectations regarding the significant 
difference in the surface energy of the two selected types of fiber. The interactions with the 
cementitious matrices based on fiber type should facilitate a straightforward analysis of the 
influence of the interfacial bond’s nature and strength on the tensile behavior and strain rate 
sensitivity of the investigated SHCC. 
3.2 Mixture design of the investigated SHCC 
In the current work, SHCC mixtures are named according to the combinations of matrix and 
fibers, in which the normal-strength and high-strength matrices have the indices M1 and M2, 
respectively. Three different types of SHCC were investigated, all with a fiber volume 
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fraction of 2%. The normal-strength SHCC made with PVA fibers (M1-PVA) was adopted as 
reference in this study, since this composite was investigated previously under quasi-static 
and impact loading conditions already (Mechtcherine et al. 2011a; 2011b). The normal-
strength matrix M1 was specifically designed with respect to the PVA fibers under 
investigation. To ensure optimal bond strength, the strength and density of the cementitious 
matrix were limited by a high content of fly ash and a relatively high water-to-binder ratio; 
see Table 3.3. This SHCC composition was extensively studied under different loading 
conditions and at different scales of application (Jun and Mechtcherine 2010a; Mündecke and 
Mechtcherine 2014), meaning that the mixture design of M1-PVA was optimized not only 
with regard to the mechanical properties but also to the fresh-state properties. 
Table 3.3. Mixture compositions of the SHCC under investigation. 
 M1-PVA M1-PE M2-PE 
 [kg/m3] [kg/m3] [kg/m3] 
CEM I 42.5R-HS 505 505 - 
CEM I 52.5 R-SR3/NA - - 1460 
fly ash Steament H4 621 621 - 
silica fume Elkem 971 - - 292 
quartz sand 0.06 - 0.2 mm 536 534 145 
viscosity modifying agent 4.8 4.8 - 
water 338 334 315 
HRWRA ACE 30 (BASF) 10 25 - 
HRWRA Glenium ACE 460 (BASF) - - 35 
PVA fibers (2.00% by volume) 26 - - 
HDPE fibers (2.06% by volume) - 20 20 
HRWRA - high range water reducing agent (superplasticizer) 
According to Yang and Li (2012 and 2014), the frictional interaction of the HDPE fibers with 
the cementitious matrix is expected to be less strain rate sensitive in comparison to the 
chemical fiber-matrix bond in M1-PVA, which should also reduce the negative effect of the 
increasing strain rates on the tensile behavior of PE-SHCC. Thus, the combination of the 
normal-strength matrix with HDPE fibers was tested to highlight the influence of fiber 
properties and, foremost, of the fiber-matrix bond on the tensile behavior of the composite 
under impact loading in comparison to M1-PVA. The normal-strength matrix M1 was 
combined with the HDPE fibers without adjusting it for the smaller fiber diameter (same 
MATERIALS UNDER INVESTIGATION 
37 
 
length) and the weaker, purely frictional bond. This was done for a straightforward 
comparative investigation of the two composites. 
Because of their hydrophobic nature, but also because of their higher tensile strength and 
Youngs’s modulus in comparison to PVA fibers, the HDPE fibers are normally used in 
combination with high-strength cementitious matrices, such as M2 presented in this work, or 
by other authors (Kamal et al. 2008; Kanda et al. 2014; Ranade et al. 2015). The high-strength 
matrix M2 was designed by adapting M1 for reaching high strength on one hand, and an 
appropriate interaction with the HDPE fibers, i.e., enhanced fiber anchorage, on the other 
hand. Ensuring an enhanced fiber anchorage was important considering the frictional 
interaction with the HDPE fibers and their smaller diameter compared to PVA. The 
optimization with respect to the fresh state properties was mainly focused on reaching a 
homogeneous mixture and a satisfactory workability. The high-strength matrix M2 has a very 
high cement content and a low water-to-binder ratio of 0.18 only, while binder consists of 
cement and silica fume. In comparison to M1, fly ash was not used and the content of fine 
sand was significantly reduced. As a consequence, this cementitious matrix has not only a 
higher strength in comparison to M1 but also a higher packing density in fresh state, as well 
as a denser microstructure in the hardened state. 
3.2.1 Production and fresh state properties 
The production of the normal-strength SHCC M1-PVA involved a different mixing procedure 
than that used for the SHCC made with HDPE fibers (M1-PE and M2-PE), the latter requiring 
a higher mixing intensity. This is because the reduced water-to-binder ratio and the high 
cement and silica fume contents of the high-strength matrix M2 lead to the formation of well 
distributed, tiny clumps of dry material in the case of an insufficent mixing intensity. Also, 
because of the twice higher aspect ratio of the HDPE fibers compared to PVA, a higher 
mixing intensity was required for ensuring proper fiber dispersion in M1-PE and M2-PE. 
Except for the experimental series presented in Section 4.2, the materials were mixed in a 10 l 
capacity Hobart mixer with a planetary rotating blade. Both mixing procedures took around 
8 min., including the addition of materials. The mixing procedures are included in Annex B. 
The deformability of the fresh SHCC was measured with the conventional flow table 
(Hägermann table) with and without the consolidation sequence (after cone lifting and after 
15 applied jolts). The dimensions of the cone were: 70 mm top diameter, 100 mm base 
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diameter, and 60 mm height; see Figure 3.5. The given spread diameters represent the average 
of the measured diameters in two perpendicular directions. Note that the fresh SHCC cakes 
did not spread uniformly in all directions, neither did they show uniform or symmetric shapes 
after cone lifting. The diagrams in Figure 3.5 were included for the sake of a comparative, 
schematic representation of the deformability of the fresh SHCC mixtures under their own 
weight, with and without the consolidation jolts. 
As already mentioned, M1-PVA represents a mixture which has been extensively analyzed in 
previous works also in large scale applications (Mündecke and Mechtcherine 2014), which 
imposed tougher requirements on its fresh-state properties. Due to this, M1-PVA exhibited 
the best workability among the tested SHCC based both on subjective impressions and on the 
flow table measurements. The slump diameters of M1-PVA were approximately 140 mm 
after cone lifting and 170 mm after 15 jolts; see Figure 3.5. 
The deformability of M1-PE was considerably lower as compared to M1-PVA. Despite the 
high mixing intensity, the fresh M1-PE mixture showed rather poor homogeneity with 
densely distributed clumps of agglomerated fibers. This can be partly traced back to the 
limited compatibility between the HDPE fibers and the normal-strength matrix M1. The 
HDPE fibers have a diameter twice smaller than PVA and a twice higher aspect ratio, while 
the normal-strength matrix M1 has a high content of quartz sand and fly ash, both containing 
relatively coarse particles as compared to the diameter of the fibers; see curves in Figure 3.6. 
Furthermore, the hydrophobicity of the HDPE fibers could be an additional reason for such a 
relatively poor fiber dispersion (Li et al. 1998). The average spread diameter of M1-PE was 
just 105 mm after cone lifting and 133 mm after 15 jolts. Obviously, the normal-strength 
matrix M1 should be adapted to the HDPE fibers to achieve better rheological properties, 
since this is also essential for enhancing the mechanical behavior of the composite (Kong et 
al. 2003; Li and Li 2013). However, such optimization was not the purpose of the current 
investigation. 
As opposed to M1-PE, the fresh high-strength SHCC M2-PE showed high homogeneity and 
satisfactory workability, especially considering the high cement content and the low water-to-
binder ratio. The mixture had a highly cohesive nature, which is mainly a result of the 
addition of silica fume. For M2-PE the average spread diameters were 120 mm after cone 
lifting and 145 mm after 15 jolts. 
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Figure 3.5. Schematic representation of half the projection of the Hägermann cone and of the 
slump flows of the investigated SHCC: a) after cone lifting and b) after 15 jolts. 
 
Figure 3.6. Particle size distributions for the used silica fume, both cement types, fly ash and 
quartz sand. 
The particle size distributions presented in Figure 3.6 were measured using a laser diffraction 
particle size analyzer. All the analyzed materials, except quartz sand, were pre-dispersed via 
ultrasonication during 5 min. in isopropanol. The material concentration was set to 0.5 g of 
powder per 20 ml isopropanol. The curve corresponding to silica fume shows a surprizingly 
high volume content of particles larger than 1 µm. Despite the fact that several tests yielded 
similar results, the author assumes that such a particle size distribution is partly caused by the 
tendency of this extremely fine powder to form agglomerates. The pre-dispersion process did 
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not ensure the breakage of all agglomerates, which were subsequently measured as larger 
particles. This assumption is also based on the observations on hardened samples of non-
reinforced high-strength matrix (M2) and high-strength SHCC (M2-PE), which, despite the 
high-intensity mixing process, showed well distributed, fine clumps of dry silica fume; see 
Section 4.3. 
3.3 Summary 
Two different types of polymer fibers were included in the investigations presented in the 
current work. The hydrophilic PVA fiber was chosen as reference, being the mostly used fiber 
for SHCC. The hydrophobic HDPE fiber was chosen for verifying the assumption regarding 
the influence of interfacial bond type on the performance of SHCC under tensile impact 
loading, and because their hydrophobicity and mechanical properties enable their usage in 
high-strength cementitious matrices. Dynamic contact angle measurements confirmed that the 
fibers exhibit distinct characteristics in terms of wettability, which is expected to be mirrored 
in their interactions with the cementitious matrices. 
Given the employed fibers and two different types of cementitious matrices, normal-strength 
(M1) and high-strength (M2), the entire work will be concentrated on three types of SHCC, 
which are named according to the corresponding fiber-matrix combinations. 
The normal-strength SHCC made with PVA fibers (M1-PVA) is a common type of SHCC 
which was extensively investigated in previous works, also in large-scale applications. 
Because of that, the composite ensures optimal fresh state properties and a good homogeneity. 
At the same time, the combination of the normal-strength matrix with the twice thinner, 
hydrophobic HDPE fibers (M1-PE) resulted in poor fresh state properties and fiber 
distribution, indicating that the matrix should be adapted to these fibers. This is, however, not 
the purpose of the current work. The high-strength SHCC (M2-PE) was designed for properly 
exploiting the superior mechanical properties of the HDPE fibers through a higher bond 
strength and packing density. Despite its high binder content and low water-to-binder ratio, 
M2-PE yielded a satisfactory workability and good homogeneity. 
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4 MECHANICAL EXPERIMENTS AT MACRO-SCALE OF INVESTIGATION 
The current chapter presents the results of three different experimental series performed on 
composite specimens using different testing setups. The employed dynamic testing setups 
required different specimen geometries and yielded different strain rates. Each experimental 
series consists additionally of reference, quasi-static tension experiments for evaluating the 
effect of specimen size and geometry on the tensile behavior of SHCC and for a reliable 
analysis of the strain rate effects within each series. The evaluation of the material behavior is 
based additionally on optical investigations at macro- and micro-levels. 
4.1 Tensile behavior of SHCC under low and intermediate strain rates 
An experimental investigation at low and intermediate strain rates is reported in the current 
section. All three types of SHCC considered in this work were subjected to uniaxial tension 
loading in two different testing setups. For the low displacement rates of up to 20 mm/s 
corresponding to strain rates up to approximately 0.1 s-1, a hydraulic testing machine was 
used. The experiments at intermediate strain rates were performed in a drop-weight 
installation, with which displacement rates of up to 6 m/s were achieved, corresponding to 
strain rates of up to 60 s-1. 
4.1.1 Specimen production 
For specimen production, the freshly mixed materials were cast in specially built steel molds. 
The relatively low workability and highly cohesive nature of the fresh mixes imposed filling 
of the molds manually, layer by layer and in a manner adjusted to each mixture, which 
ensured a minimal content of voids due to insufficient compaction. After 24 hours of curing in 
laboratory environment, the specimens were demolded, sealed in plastic bags and stored in 
the climatic chamber under constant temperature (20 °C) and constant relative humidity 
(65%) for 13 days. The pronounced cohesiveness of the fresh SHCC caused by the fibers does 
not allow for smoothening the top surface of the freshly casted specimens the way this is 
normally done with concrete. For this reason, the specimens were casted with an excessive 
top layer. The smoothness and straightness of the top surface of the specimens, as well as the 
required specimen width of 40 mm in the plane parallel to the fill direction, were ensured by 
cutting the hardened top layer with a saw blade at the age of 13 days. The dimensions of the 
dumbbell shaped specimens are given in Figure 4.1a. Their total length is 250 mm, the cross-
section of the end portions is 40 mm x 40 mm, while in the middle, tapered region of the 
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cross-section is 24 mm x 40 mm. The middle portion of constant cross-section has a length of 
100 mm, being used as gauge length for measuring the deformations. The specimens for each 
type of SHCC were produced in one batch and were tested at the age of 14 days. 
Note that the spall experiments presented in Section 4.2 and the tension impact experiments 
presented in Section 4.3 were done in collaboration with external research facilities. Due to 
the tight scheduling of one of the testing series, the testing age was set to 14 days. Following 
this, all the mechanical investigations presented in the doctoral thesis at hand were performed 
at an age of 14 days of the cement-based specimens. Considering the age-dependent evolution 
of the fiber-matrix bond strength, the tensile behavior of SHCC is also influenced by the 
testing age, which is usually 28 days. However, contrary to the bond strength, the nature of 
the interfacial interactions (chemical or mechanical) and the properties of the fibers do not 
change in time. This means that the mechanisms determining the strain rate effects on SHCC 
are the same at 14 days and 28 days. 
4.1.2 Testing setup for low strain rates 
The quasi-static and low-speed uniaxial tension tests were performed in an Instron 8501 
testing machine of 100 kN load capacity in deformation-controlled mode. In this testing 
configuration, the response of the specimens was measured by a force sensor fixed to the 
upper, stationary crosshead, while the deformations were induced at the lower end of the 
specimen by the hydraulic actuator. The specimens were glued at both ends in 20 mm thick 
steel rings, which were bolted to special steel stamps and rigidly connected to the testing 
machine through steel rods for ensuring non-rotatable boundary conditions. First, outside the 
machine, the specimen was glued in the ring at one end; its axial alignment was insured by a 
special fixing frame. Subsequently, the specimen was fixed to the stationary crosshead of the 
testing machine. In this position, with the free end of the specimen hanging downwards, the 
second ring, which was filled with glue, was driven towards the specimen until the required 
embedment depth was reached. Testing was possible 20 minutes after gluing already. A bi-
component glue consisting of a fluid component DEGADUR®1801 and a powder component 
DEGADUR®7742 F (N) produced by Evonik Röhm GmbH, was used for this purpose. For 
measuring the axial deformations, a special steel frame was attached to the specimens, which 
was supporting two Linear Variable Differential Transformers (LVDTs); see Figure 4.1b. 
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Figure 4.1. a) Schematic view of the dumbbell shaped specimen showing also the embedded 
(glued) end portions (dimensions in millimeters); b) dumbbell shaped specimen fixed in the 
quasi-static testing setup together with the attached LVDTs; c) specimen fixed in the support 
frame of the drop-weight installation. 
The specimens were tested under four different displacement rates of 0.05, 0.5, 1 and 
20 mm/s respectively. With an effective specimen length between the fixities of 220 mm, the 
enumerated displacement rates correspond to strain rates of approximately 2·10-4, 2·10-3, 
4·10-3 and 10-1 s-1. Three specimens for each loading rate were tested. The achievable 
maximum displacement rate was limited both by the speed of the servo-hydraulic actuator and 
by the sampling rate. 
4.1.3 Testing setup for intermediate strain rates 
One of the advantages of the drop-weight installation is the possibility to perform the tension 
tests at intermediate strain rates on the same specimen geometry which is normally used for 
quasi-static tension tests, i.e., dumbbell shaped samples. This enables a direct comparison to 
the tension experiments under low strain rates without implying additional effects related to 
sample size, geometry or production technique. 
a) b) c) 
MECHANICAL EXPERIMENTS AT MACRO-SCALE OF INVESTIGATION 
44 
 
For being tested in the drop-weight setup, the specimens were first glued at one end in 15 mm 
thick, steel impact-rings, using a special frame for ensuring axial alignment. The same bi-
component glue as for the quasi-static setup was used for this purpose. Subsequently, steel 
stamps with an internal thread on the top side and with a smooth surface on the bottom were 
glued to the top end of the specimens using a stronger, bi-component glue Loctite® 406 
produced by Henkel AG & Co. KGaA, which requires 24 hours hardening time at room 
temperature. The stronger glue was required because of the reduced contact surface compared 
to the ring embedment. With the threaded steel stamps, the specimens were rigidly connected 
to the force sensor Kistler 9361B of ± 60 kN capacity, which, at its turn, was rigidly bolted to 
the support frame of the testing setup. 
Part of the drop-weight setup is presented in Figure 4.1c, including the specimen, the support 
frame and the drop-weight. The drop-weight of 25 kg consists of a steel block (painted in red 
in Figure 4.1c) to which two parallel impact bars are attached. The weight slides along a 
vertical rail of a total height of 4.5 m until the impact bars strike the steel impact ring, which 
serves as impact flange at the bottom-end of the specimen. After the impact bars strike the 
impact-ring, the drop-weight continues falling several centimeters until the steel block reaches 
the support frame made of massive steel profiles. The impact of the steel block with the 
support frame is partially damped by a 2 cm thick neoprene mat. For the current investigation, 
the 25 kg weight was left falling from a height of 2 m, which ensured an impact speed of 
approximately 6 m/s. 
The elongation of the 100 mm gauge length in the tapered, middle portion of the specimens 
was measured with the help of a high-speed electro-optical extensometer Rudolph 200XR. 
The extensometer measures the relative axial displacement of two black-and-white targets on 
the specimen, the output signal being proportional to the strain. The black-and-white targets 
were applied by spraying the entire analyzed face of the specimen in white color, and 
subsequently, by protecting the middle, white portion with adhesive tape, the ends of the 
gauge portion were sprayed in black, as shown in Figure 4.1a. Based on the deformation-time 
measurements, the effective strain rates were evaluated. For this reason, the strain values were 
related to the 100 mm gauge length and not to the entire length of the specimen. The sampling 
rate in these experiments was 100,000 per second. High-speed video recordings were done 
additionally with a frame rate of 30,000 frames per second using a high-speed camera Photron 
Fastcam SA-X2 for monitoring the cracking and failure modes. 
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4.1.4 Results and discussion 
4.1.4.1 Tension experiments in the range of low strain rates 
For a better visualization of the influence of increasing strain rates on the tensile behavior of 
the analyzed SHCC, representative stress-strain curves corresponding to different strain rates 
are shown in Figure 4.2 comparatively. The entire series of stress-strain curves corresponding 
to each SHCC type under four different strain rates are included in Annex C.  
The most important mechanical parameters that can be derived from the tensile stress-strain 
curves are the first crack stress, tensile strength, ultimate strain and the work-to-fracture. In 
deformation controlled, uniaxial tension tests, the first crack formation is manifested through 
a deviation from the initial, linear portion of the stress-strain curve or, in some cases, through 
a stress drop. The tensile strength is the maximum resisted tensile stress, while the ultimate 
strain is the strain at which unrecoverable softening initiates, denoting failure localization. 
Work-to-fracture represents the area under the stress-strain curves excluding the softening 
phase. The results of the investigation are summarized in Tables 4.1 to 4.3 according to the 
average values and the corresponding standard deviations. In the case of a dataset consisting 
of less than three successful tests, the individual values are given. 
 
Figure 4.2. Representative stress-strain curves of the investigated SHCC obtained from 
uniaxial tension tests at four different strain rates; note the different strain axes’ limits. 
First the mechanical parameters of the investigated SHCC will be compared under quasi-static 
loading (lowest strain rate), while subsequently their strain rate sensitivities will be analyzed. 
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In this work, the lowest deformation rate was 0.05 mm/s corresponding to a strain rate of 
2∙10-4 s-1. 
The first crack stress of M1-PVA is higher than that of M1-PE, 3.0 MPa vs. 2.7 MPa; see 
Tables 4.1 and 4.2. There are two reasons for this. The first is related to the poor fresh state 
properties of M1-PE as described in Chapter 3, while the second reason it related to the fiber-
matrix interfacial bond properties. The hydrophilic PVA fibers form a chemical bond with the 
surrounding cementitious matrix. This enables a strong composite action already in the 
uncracked, elastic state of the composite. Since the PVA fibers have a sufficiently high 
Young’s modulus, higher tensile stresses are resisted by the composite before reaching the 
critical condition for steady-state cracking. As opposed to the PVA fibers, the hydrophobic 
HDPE fibers can only form a relatively weak frictional bond with the surrounding normal-
strength matrix, with a negligible contribution to the first crack stress. In the case of the high-
strength SHCC M2-PE, the comparably high first crack stress of 3.4 MPa is ensured by the 
high-strength matrix. 
Table 4.1. Average mechanical properties of M1-PVA at different strain rates and the 
corresponding dynamic increase factors (DIFs); standard deviations are given in parentheses. 
M1-PVA 
Strain rate 2·10-4 s-1 2·10-3 s-1 4·10-3 s-1 10-1 s-1 
Displacement rate 0.05 mm/s 0.5 mm/s 1 mm/s 20 mm/s 
First crack stress [MPa] 3.0 (0.1) 3.8 (0.2) 4.7 (0.2) 6.2 (0.2) 
Tensile strength [MPa] 4.6 (0.5) 4.8 (0.3) 5.5 (0.6) 6.4 (0.3) 
Ultimate strain [%] 2.8 (0.7) 2.4 (0.7) 2.2 (1.3) 2.3 (0.8) 
Work-to-fracture [kJ/m3] 124.3 (30.5) 107.9 (38.4) 115.5 (76.8) 144.4 (56.9) 
Crack spacing* [mm] 4.0 (0.6) 3.5 (3.0) 2.4 (2.1) 2.8 (1.7) 
Crack width* [µm] 37.7 (25.6) 22.7 (13.5) 29.1 (14.4) 23.3 (11.0) 
DIF first crack stress - 1.3 1.6 2.1 
DIF tensile strength - 1.0 1.2 1.4 
* measured on the unloaded, fractured specimens 
 
 
 
MECHANICAL EXPERIMENTS AT MACRO-SCALE OF INVESTIGATION 
47 
 
Table 4.2. Average mechanical properties of M1-PE at different strain rates and the 
corresponding dynamic increase factors; standard deviations are given in parentheses. 
M1-PE 
Strain rate 2·10-4 s-1 2·10-3 s-1 4·10-3 s-1 10-1 s-1 
Displacement rate 0.05 mm/s 0.5 mm/s 1 mm/s 20 mm/s 
First crack stress [MPa] 2.6 (0.1) 3.1 (0.1) 2.9 (0.1) 3.9 (0.1) 
Tensile strength [MPa] 3.7 (0.2) 4.4 (0.1) 4.1 (0.3) 5.1 (1.3) 
Ultimate strain [%] 1.3 (0.2) 2.7 (0.7) 1.9 (0.6) 2.9 (1.5) 
Work-to-fracture [kJ/m3] 51.2 (9.0) 122.2 (20.2) 74.3 (26.9) 141.5 (92.1) 
Crack spacing* [mm] 2.6 (1.8) 4.0 (2.3) 2.3 (1.1) 5.2 (0.7) 
Crack width* [µm] 33.7 (16.7) 33.3 (13.2) 24.7 (9.8) 26.0 (9.0) 
DIF first crack stress - 1.2 1.1 1.5 
DIF tensile strength - 1.2 1.1 1.4 
* measured on the unloaded, fractured specimens 
Table 4.3. Average mechanical properties of M2-PE at different strain rates and the 
corresponding dynamic increase factors; standard deviations are given in parentheses. 
M2-PE 
Strain rate 2·10-4 s-1 2·10-3 s-1 4·10-3 s-1 10-1 s-1 
Displacement rate 0.05 mm/s 0.5 mm/s 1 mm/s 20 mm/s 
First crack stress [MPa] 3.4 (0.7) 3.5 (0.1) 3.5 / 4.0 4.9 (0.3) 
Tensile strength [MPa] 7.3 (0.7) 7.9 (1.6) 8.2 / 7.9 8.7 (0.8) 
Ultimate strain [%] 4.4 (0.3) 4.0 (0.7) 4.4 / 3.7 4.3 (1.4) 
Work-to-fracture [kJ/m3] 299.8 (39.6) 271.9 (87.2) 319.3 / 264.8 292.9 (95.3) 
Crack spacing* [mm] 1.2 (0.1) 1.1 (0.2) 1.1 (0.3) 1.2 (0.2) 
Crack width* [µm] 42.3 (18.6) 35.0 (14.5) 36.0 (12.2) 48.0 (18.5) 
DIF first crack stress - 1.0 1.1 1.4 
DIF tensile strength - 1.1 1.1 1.2 
* measured on the unloaded, fractured specimens 
Similar to the first crack stress, the tensile strength of M1-PVA with an average value of 
4.6 MPa is higher than that of M1-PE which yielded an average tensile strength of 3.7 MPa at 
the lowest strain rate. The parameters limiting the tensile strength of these two composites are 
distinct. Because of the strong interfacial bond and the slip-hardening pullout behavior of the 
PVA fibers (Kanda and Li 1998b; Boshoff et al. 2009), the tensile strength of M1-PVA is 
limited by the tensile strength of the PVA fibers. This is demonstrated by the fracture surfaces 
of the M1-PVA specimens which show failure of most of the fibers bridging the localization 
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crack after a limited pullout phase; see Figure 4.5. In the case of M1-PE the tensile strength is 
limited by the fiber-matrix interfacial bond and by the non-uniform fiber distribution, leading 
to fracture localization in a zone with lower fiber volume content. The frictional bond 
between the hydrophobic HDPE fibers and the normal-strength matrix is weak, resulting also 
in an inefficient utilization of the tensile strength of the HDPE fibers. The weak interfacial 
bond in M1-PE can be judged by the shallow descending branches in the corresponding 
diagram in Figure 4.2 and by the complete pullout of the crack bridging fibers on the fracture 
surfaces of the tested specimens as shown in Figure 4.5. As opposed to M1-PE, the high-
strength matrix in M2-PE ensures a high enough fiber-matrix bond strength, on one side 
fulfilling at best the micromechanical conditions for multiple cracking as enumerated in 
Section 2.2, while on the other leading to a high tensile strength of 7.3 MPa in average; see 
Table 4.3. 
Two issues were encountered during the current series of tension experiments, which 
negatively affected the scattering of the measured tensile strength and strain values as 
presented in Tables 4.1 to 4.3. The first is the localization of failure outside the gauge length, 
while the second is the formation of multiple localization cracks; see Figure 4.4. Both above 
enumerated circumstances emerged in a considerable number of specimens; see diagrams in 
Annex C. Non-uniform crack-opening and failure localization in more than one locations in 
the specimen is rather common for SHCC, especially for long samples. It can be traced back 
to the imperfect specimen alignment with the loading axis, which, with non-rotatable 
boundary conditions, leads to bending moments in the sample. Furthermore, a non-uniform 
crack-opening is enabled by the reduced rotational stiffness of the cracked, slender specimens, 
resulting in a gradual utilization of the crack bridging fibers and failure at a lower stress level, 
as explained schematically in Figure 4.3. 
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Figure 4.3. Non-uniform crack opening in a slender, cracked specimen. 
 
 
 
Figure 4.4. SHCC specimens tested in tension at a strain rate of 2·10-4 s-1. 
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For evaluating the strain capacities, the specimens were analyzed optically for the degree of 
multiple cracking (crack spacing) and average crack width. The cracks on the fractured 
specimens were measured with a microscopic camera with an enlargement capacity of up to 
500x. Having compact dimensions of 34 mm in diameter and 100 mm in length, the camera 
was moved along the specimen’s surface capturing each observed crack. With a calibrated 
pixels-to-millimeter scale, the crack widths were derived based on their width in pixels. 
Based on the LVDT measurements, the average strain capacity of M1-PVA is 2.8%, being 
considerably higher than that of M1-PE with 1.27%. However, one of the reasons for such a 
low average strain capacity of M1-PE is the failure of two out of three specimens outside of 
the gauge zone. The average crack spacing and crack widths as measured on the fractured 
specimens indicate that the strain measurements underestimate the strain capacity of M1-PE; 
see Table 4.2. Nevertheless, the strain capacity of M1-PE at the lowest strain rate can be 
roughly assessed as being the lowest among the analyzed SHCC, which is a result of a low 
margin between the first crack stress and the crack bridging capacity of the fibers (due to 
weaker fiber-matrix bond strength and poor fiber dispersion). The strain capacity of M2-PE is 
by far the highest, which is indicated by the ultimate strain of 4.4% in average and by the 
smallest average crack spacing of 1.2 mm; see Table 4.3 and Figure 4.4. In combination with 
the highest tensile strength, M2-PE also yielded a remarkably high work-to-fracture of 
299.8 kJ/m3, two times higher than that of M1-PVA, 124.3 kJ/m3. 
 
Figure 4.5. Fracture localization cracks showing the crack bridging effectiveness of the fibers 
at large crack openings depending on SHCC type. 
M1-PVA M1-PE M2-PE 
10 mm 10 mm 10 mm 
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M1-PVA shows the most strain rate sensitive first crack stress. The dynamic increase factors 
corresponding to the highest displacement rate are 2.1 for M1-PVA, 1.5 for M1-PE and 1.4 
for M2-PE. Note that the DIFs corresponding to the first crack stress of M1-PVA are higher 
than those of M1-PE and M2-PE in the entire range of strain rates. This can be seen both on 
the stress-strain curves in Figure 4.3, as well as in the diagram in Figure 4.6, in which the 
dynamic increase of the mechanical parameters is represented for each SHCC type. In Figure 
4.6 no standard deviations were included for the sake of clarity. The reason for such a 
pronounced strain rate sensitivity of the first crack stress of M1-PVA is the strong composite 
action between the fibers and the matrix already in the elastic state of the composite. In this 
case, additionally to the strain rate sensitivity of the brittle cementitious matrix, the 
viscoelasticity of the fibers (enhancement of tensile strength and Young’s modulus) 
contributes to the additional increase of the first crack stress of M1-PVA under increasing 
strain rates. At the same time, the HDPE fibers with their frictional interaction with the 
surrounding matrix are barely involved in hindering the elastic stretching of the brittle matrix, 
being mainly activated after crack formation. In this way, they have neither a considerable 
contribution to the first crack stress of SHCC, nor to the strain rate sensitivity of this 
parameter. 
 
Figure 4.6. Influence of increasing strain (displacement) rate on: a) first crack stress and b) 
tensile strength of the SHCC under investigation; equations of trendlines are given in separate 
frames. 
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The dynamic increase in the tensile strength of M1-PVA is less pronounced than the increase 
in the first crack stress in the entire range of strain rates; see Table 4.1, which agrees with the 
experimental and theoretical results reported by Yang and Li (2014). This is because the 
mechanisms responsible for the enhancement of the first crack stress and of the tensile 
strength of SHCC are not identical. As opposed to the strain rate sensitivity of the first crack 
stress of M1-PVA, the enhancement of its tensile strength under increasing strain rates is only 
determined by the dynamic increase of the tensile strength of the fibers and by the 
enhancement of bond properties. With a DIF of 1.4 at displacement rates of 20 mm/s, the 
results are in good agreement with the single fiber tension tests performed under increasing 
displacement rates, as presented in Chapter 5. Note that in Figure 4.6b, the DIFs are 
represented per displacement rates and not according to the strain rates. This is because the 
strain rates, defined as displacement rate to specimen length, are mainly relevant for the 
uncracked composites and are not representative for the strain rates in the crack bridging 
fibers and in the fiber-matrix interfaces. 
As opposed to M1-PVA, in the case of M1-PE it is the fiber-matrix bond strength to limit the 
composite tensile strength, since no fiber rupture is indicated by the fracture surfaces of the 
M1-PE specimens. The strain rate sensitivity of the frictional bond strength may be related to 
the increased fiber stiffness which reduces the transversal contractions of the tensioned fibers 
and leads to a less pronounced reduction of the interfacial confinement in the fiber-matrix 
channel. 
Under the lowest displacement rates, the fiber-matrix bond strength in M2-PE ensures a 
balance between fiber rupture and pullout at peak crack bridging stress. However, with 
increasing strain rates the bond strength is increasing more than the fiber tensile strength. This 
is indicated by the more pronounced fiber rupture at the highest strain rates, i.e., shorter 
protruding fiber fragments on the fracture surfaces of the specimens tested at 20 mm/s 
(10-1 s-1). In this way, the tensile strength of M2-PE at 10-1 s-1 is limited by the tensile strength 
of the HDPE fibers to a high extent. The smaller DIF of tensile strength of M2-PE compared 
to that of M1-PVA can be explained by the weaker strain rate sensitivity of the tensile 
strength of HDPE compared to PVA; see Chapter 5. 
The increase of the first crack stress of M1-PVA relatively to the increase in tensile strength is 
higher in the entire range of strain rates, while the composites made with HDPE fibers show a 
rather proportional increase of these two parameters. It could be expected that under higher 
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strain rates the highly strain rate sensitive composite cracking strength of M1-PVA may 
eventually lead to the reduction of the margin between first crack stress and crack bridging 
capacity and, consequently, to a reduction of the multiple cracking degree, which was 
reported previously by Mechtcherine et al. (2011b) and Yang and Li (2014). Nevertheless, in 
the currently applied range of strain rates the strain measurements do not show a clear effect 
of strain rate on the strain capacities of the analyzed SHCC. The crack patterns analyzed on 
the fractured, unloaded specimens show an arbitrary variation of crack spacing (number of 
cracks) with increasing strain rates. It is assumed on this basis that the investigated SHCC do 
not yield a reduced quasi-ductility with increasing strain rates up to 10-1 s-1 (displacement 
rates up to 20 mm/s). 
For M1-PVA this comes in contradiction with the previously published works by 
Mechtcherine et al. (2011b) and Yang and Li (2014), which can be partly traced back to the 
effect of the testing setup and boundary conditions on the scatter of the measured strain 
capacities, and partly to the apparently minor differences in the investigated SHCC 
compositions, which could affect the fiber-matrix interaction to a sufficient degree for 
yielding different strain rate effects on the composites’ quasi-ductility. Furthermore, it may be 
assumed that the testing age of 14 days, as opposed to 28 days in the studies of the other 
authors, could result in a lower bond strength, which could offer a higher margin for the 
micromechanical balance under increasing strain rates. 
Clearly, the strain measurements lack a statistical significance, especially because of their 
strong scatter. A higher number of tested specimens could solve this issue. Furthermore, an 
optical analysis of crack formation during the tension experiments, or a photogrammetric 
analysis would ensure a more accurate and in-depth evaluation of the tensile behavior of the 
composites. 
4.1.4.2 Tension experiments at intermediate strain rates 
Figures 4.7 to 4.9 show representative unfiltered and filtered stress-time and deformation-time 
histories, as well as the resulting stress-strain curves together with the effective strain rates as 
obtained from the tension experiments with the drop-weight setup. It can be clearly observed 
in the unfiltered stress histories that the testing setup in the current configuration measured a 
force output distorted by strong oscillations. The Fourier analysis of the recorded waveforms 
showed that the entire frequency content can be divided into two main sets. The first set is 
associated to the highest amplitudes and is below 2500 Hz, this corresponding to the actual 
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response of the specimen. The second set is concentrated between 2500 and 5000 Hz and the 
associated amplitudes are less than half compared to those of the first set. It is assumed that 
this range of frequencies corresponds to the oscillations of the testing frame and of the 
impact-ring together with the specimen. The force sensor is not responsible for the measured 
oscillations because its eigenfrequency of 28 kHz is far beyond the range described above. 
For filtering the stress curves, a low pass Butterworth filter of second order was applied in 
LabVIEW software. The cut-off frequency was 2500 Hz. The deformation measurements 
obtained from the high-speed optical extensometer showed a noise with apparently negligible 
amplitude. However, it affected slightly the smoothness of the stress-strain curves. For this 
reason, the noise of the deformation measurements was eliminated with the same filtering 
technique and criteria as the force measurements. 
 
Figure 4.7. a) Raw and filtered stress and deformation histories and b) stress-strain and strain 
rate-strain curves from a tension experiment with the drop-weight setup for a M1-PVA 
specimen. 
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Figure 4.8. a) Raw and filtered stress and deformation histories and b) stress-strain and strain 
rate-strain curves from a tension experiment with the drop-weight setup for a M1-PE 
specimen. 
 
Figure 4.9. a) Raw and filtered stress and deformation histories and b) stress-strain and strain 
rate-strain curves from a tension experiment with the drop-weight setup for a M2-PE 
specimen. 
 
0
1
2
3
4
0
3
6
9
12
0.0 0.4 0.8 1.2
D
ef
o
rm
a
ti
o
n
 [
m
m
]
S
tr
es
s 
[M
P
a
]
Time [s]
a)    M1-PE
stress unfiltered
stress filtered
deformation
0
15
30
45
60
0
3
6
9
12
0 1 2 3 4 5
S
tr
a
in
 r
a
te
 [
s-
1
]
S
tr
es
s 
[M
P
a
]
Strain [%]
b)    M1-PE
stress filtered
strain rate
0
1
2
3
4
5
0
3
6
9
12
15
0.0 0.4 0.8 1.2
D
ef
o
rm
a
ti
o
n
 [
m
m
]
S
tr
es
s 
[M
P
a
]
Time [ms]
a)    M2-PE
stress unfiltered
stress filtered
deformation
0
10
20
30
40
50
0
3
6
9
12
15
0 1 2 3 4 5
S
tr
a
in
 r
a
te
 [
s-
1
]
S
tr
es
s 
[M
P
a
]
Strain [%]
b)    M2-PE
stress filtered
strain rate
MECHANICAL EXPERIMENTS AT MACRO-SCALE OF INVESTIGATION 
56 
 
Obviously, the measured responses do not allow for a reliable quantitative evaluation of the 
first crack stress and tensile strength of the investigated SHCC. Also, the filtering criteria 
have a major influence on the resulting stress parameters. For this reason, the current section 
will be mainly focused on a comparative description of the mechanical behavior of the 
analyzed SHCC based on the measured stress-strain curves, while additional information 
regarding the effect of increasing strain rates on the quasi-ductility of the composites will be 
offered by the optical investigations of the tested specimens. 
Note that, contrary to M1-PE and M2-PE, filtering of the stress curve of M1-PVA did not 
result in a significant reduction of the stress peaks, which led to a high apparent first crack 
stress of M1-PVA. This might be traced back to the short time-to-failure of the M1-PVA 
specimens, resulting in a similar frequency content of the specimen response and frame 
oscillations. As opposed to the deformation controlled tests at low strain rates, the effective 
strain rates in the experiments with the drop-weight setup depend on the mechanical 
properties of the investigated materials under the given loading conditions. The diagrams on 
the right-hand side in Figures 4.7 to 4.9 and Table 4.4 show that the achieved strain rates 
corresponding to M1-PVA are higher compared to those corresponding to the other two 
composites despite the identical loading conditions. This is an indication on the lower energy 
absorption capacity of M1-PVA. The time needed to achieve failure of the M1-PVA 
specimens is at least two times shorter than in the case of M1-PE and M2-PE, while the shape 
of the corresponding stress-strain curve indicates a strain softening behavior. It is obvious that 
the increased strain rates had a negative effect on the quasi-ductility of M1-PVA before 
failure localization. The strain capacity of M1-PVA at intermediate strain rates is 
considerably lower than the average value of 2.8% measured under quasi-static conditions. 
This is also confirmed by the optical investigations of the tested specimens. Besides a 
dramatically reduced formation of multiple cracks, see Table 4.4, the fracture surfaces show a 
pronounced fiber pullout. This change of the failure mode was reported previously by 
Mechtcherine et al. (2011b) at similar strain rates achieved in a servo-hydraulic testing 
machine with a special slack adaptor. The high-speed video recording of a dynamically tested 
M1-PVA specimen shows concentrated multiple-cracking in the region of failure localization; 
see the sequence of four frames in Figure 4.10.  
The stress-strain curves corresponding to M1-PE do not indicate any considerable effect of 
the increased strain rates on the quasi-ductility of this SHCC, with failure localization strains 
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of around 2%. More than that, the average crack spacing of 2.4 mm is smaller than that of 
2.6 mm measured on the quasi-statically tested specimens. As opposed to M1-PVA, the 
investigations of the fractured M1-PE specimens and the high-speed video recordings show a 
distributed multiple cracking; see Figure 4.11. 
In contrast to both types of normal-strength SHCC, the stress-strain curves of M2-PE at 
intermediate strain rates show a clear strain-hardening behavior; see Figure 4.9b. The stress-
strain curves also indicate on the highest strain capacity of M2-PE, close to 3%, despite the 
strong reduction compared to the quasi-static conditions, under which M2-PE yielded an 
average strain capacity of 4.4%. 
Table 4.4. Average crack spacing and crack width of SHCC at intermediate strain rates and 
the corresponding dynamic increase factors; standard deviations are given in parentheses. 
 
M1-PVA M1-PE M2-PE 
Strain rate [1/s] 51.75 (6.43) 47.85 (4.23) 36.43 (10.97) 
Crack spacing* [mm] 12.12 (3.41) 2.44 (0.54) 2.76 (0.40) 
Crack width* [µm] 16.83 (12.02) 19.00 (11.14) 23.00 (8.24) 
DIF crack spacing 3.03 0.93 2.26 
DIF crack width 0.45 0.56 0.54 
* measured on fractured specimens 
As shown in Table 4.4, the average crack spacing increased from 1.2 mm under quasi-static 
loading to 2.8 mm under intermediate strain rates. The high-speed video recordings confirm 
the reduction in multiple cracks formation, see Figure 4.12. Note that the resulting average 
strain rate corresponding to M2-PE is lower than for both types of normal-strength SHCC, see 
Table 4.4, indicating on a higher resistance of this material. 
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Figure 4.10. Sequence of frames from a high-speed video recording of an impact tension test 
on a M1-PVA specimen in the drop-weight tower; specimen width is 40 mm. 
  
Figure 4.11. Sequence of frames from a high-speed video recording of an impact tension test 
on a M1-PE specimen in the drop-weight tower; specimen width is 40 mm. 
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Figure 4.12. Sequence of frames from a high-speed video recording of an impact tension test 
on a M2-PE specimen in the drop-weight tower; specimen width is 40 mm. 
At intermediate strain rates, a considerable reduction of the average crack widths was 
measured on all investigated types of SHCC; see Table 4.4. This can be traced back to the 
enhanced bond strength and mechanical properties of the polymer fibers, especially of their 
Young’s modulus, which was also reported by Ranade et al. (2015). However, the change of 
the failure mode of M1-PVA in combination with the reduced crack widths could be 
interpreted as a combination of a considerable enhancement of the mechanical properties of 
the fibers with only a moderate increase in fiber-matrix bond strength. 
4.1.5 Summary and outlook 
The uniaxial tension experiments in the range of low strain rates showed that the strain rate 
sensitivity of the first crack stress of the normal-strength SHCC made with hydrophilic PVA 
fibers is more pronounced compared to that of the SHCC made with HDPE fibers. This 
indicates that the nature and strength of the fiber-matrix interface not only influence the 
cracking strength of the composites but also the strain rate sensitivity of the composite 
cracking strength. As opposed to the strong chemical bond developed by the PVA fibers with 
the cementitious matrix, the frictional fiber-matrix interaction in SHCC with hydrophobic 
HDPE fibers limits considerably the contribution of the fibers to the composite strength in 
elastic state, the HDPE fibers being mainly activated after crack formation. On the contrary, 
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the weak fiber-matrix interfaces can be regarded as flaws compromising the mechanical 
performance of the matrix. 
Under low displacement rates, the dynamic increase of the tensile strength of SHCC depends 
on the failure modes and, consequently, on the strain-rate sensitivity of the involved polymer 
fibers and of the fiber-matrix interfaces, the latter depending on the individual fiber-matrix 
system. 
No strain-rate effect on the strain capacities in the analyzed SHCC could be detected in the 
low range of strain rates. The optical investigations of the tested specimens (crack pattern and 
crack width) showed just a minor influence of the increasing strain rates. 
The tension tests at intermediate strain rates with the drop-weight setup enabled only a limited 
quantitative characterization of the tensile behavior of the investigated SHCC, but offered a 
valuable comparative assessment of the overall performance of the composites. It was shown 
that the normal-strength SHCC made with PVA fibers yield a dramatic reduction of quasi-
ductility and a change of the failure mode from fiber rupture to complete fiber pullout, 
confirming the findings reported in literature, while the stress-strain curves indicate a strain-
softening behavior. It is assumed that such a change in failure mode is a result of a moderate 
enhancement of the fiber-matrix interfacial bond strength in combination with a stronger 
enhancement of the tensile strength of the PVA fibers. 
The normal-strength SHCC made with HDPE fibers did not show any negative influence of 
the increased strain rates on its strain capacity, this being deduced both from the stress-strain 
curves, as well as from the crack-patterns on the tested specimens. Also, the fracture surfaces 
did not show any change relative to the specimens tested in the quasi-static regime. In 
contrast, the high-strength SHCC M2-PE suffered a reduction in quasi-ductility and showed a 
more pronounced fiber rupture when subjected to intermediate strain rates. The reduction of 
the ultimate strain was indicated by the crack pattern on the tested specimens.  
The average crack width of the specimens tested in the drop-weight installation was 
approximately twice smaller compared to the crack width of the specimens tested quasi-
statically, this being traced back to the enhancement of the tensile strength and Young’s 
modulus of the fibers and of the fiber-matrix interfacial bond strength. 
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The drop-weight setup should be modified in the future for enabling the assessment of the 
dynamic mechanical properties of the tested specimens as transient longitudinal waves 
according to the principles described in Section 2.4. 
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4.2 Tensile behavior of SHCC under high strain rates in spall experiments 
The results of an investigation on the behavior of the normal-strength SHCC M1-PE and 
high-strength SHCC M2-PE under quasi-static and impact tensile loading are presented. The 
dynamic tension testing of unnotched and notched cylindrical specimens was performed using 
the Hopkinson bar in the spall configuration at strain rates of around 150 s-1. The responses of 
the materials under dynamic and quasi-static tensile loading were compared to the 
corresponding results on M1-PVA as obtained in a previous investigation by Mechtcherine et 
al. (2011a). 
4.2.1 Specimen production 
The dynamic testing setup imposed a cylindrical specimen geometry with a diameter of 
75 mm and a length of 250 mm. For producing the specimens, prismatic molds with 
dimensions of 150 mm x 150 mm x 700 mm were used as shown in Figure 4.13. Because of 
the relatively large volume of the molds, the materials were mixed in a 40 l capacity, high-
intensity Eirich R05T mixer in batches of 16 l. The fresh SHCC were cast in the horizontal 
molds and left at environmental conditions for 24 hours. Subsequently, the SHCC beams were 
demolded, sealed in plastic sheets and stored in the climatic chamber, were they cured for 
seven days. Due to logistical constraints, the specimens had to be prepared already after seven 
days of curing. Preparation consisted in cutting the beams to required dimensions and core 
drilling of the specimens. 
The production technique by core drilling of cylindrical specimens from relatively large 
rectangular beams leads presumably to a tensile behavior of the specimens closer to the 
tensile behavior of SHCC in large, casted elements, in this way facilitating a more 
conservative estimation of the mechanical properties of SHCC. The slender dumbbell shaped 
specimens presented in Section 4.1 with cross-sectional dimensions comparable to fiber 
length, but also the imposed casting technique, have a positive influence on the fiber 
orientation relatively to the specimen’s longitudinal axis (wall effect), and thus, on their 
tensile behavior. A similar effect is expected in the case of specimens casted directly in 
cylindrical molds, since the flow of the fresh SHCC through the cylindrical mold would 
favorize a longitudinal orientation of the fibers. 
As shown in Figure 4.13, the ends of the beams were not used, while from the middle portion 
of the beams two specimens were obtained. The quasi-static testing setup required longer 
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specimens due to the fixing conditions in tension experiments, as explained in Section 4.2.2. 
For the specimens designated as “notched”, the 18 mm deep circular notches were cut in the 
middle of the sample with a 1.5 mm thick saw blade. 
Furthermore, cubes with 100 mm side length were prepared for quasi-static compression 
experiments. 
 
Figure 4.13. Mold dimensions in millimeters and core drilling schema of the cylindrical 
specimens. 
4.2.2 Testing setup for quasi-static tension experiments 
The tension tests in the current work were identical to those described in Mechtcherine et al. 
(2011a), except for the materials under investigation and the testing age, which was 14 days. 
The tension tests were performed in a Zwick Z1200Y testing machine in deformation-
controlled regime at a deformation rate of 0.05 mm/s. The geometry of the samples was 
imposed by the Hopkinson bar setup, namely 250 mm long cylinders with a diameter of 
75 mm; see Section 4.2.3 for more details. However, the setup for quasi-static tests required a 
40 mm embedding for fixation at both ends of the specimen and sufficient space for the 
LVDTs; see Figure 4.14. For this reason, the samples tested in quasi-static regime had a total 
length of 350 mm. The same gauge length of 70 mm was used both in tension and 
compression tests. Notched and unnotched samples were tested under tension. The unnotched 
samples were intended for measuring tensile strength and work-to-fracture, while the notched 
samples were used to measure the specific fracture energy. To avoid premature failure of the 
unnotched samples due to stress concentrations at the fixation points, 70 mm long basalt 
rebars were embedded in the cylinders at their ends during casting. In this way, the 
localization of failure was shifted towards the middle of the specimens, where the LVDT 
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frame was attached. The compressive Young's modulus of each material was evaluated on 
two cylinders 250 mm in length according to DIN EN 18555. 
 
Figure 4.14. a) Quasi-static tension test setup with dimensions given in millimeters;  
b) notched M1-PE sample after complete separation. 
The compression experiments on cubes were performed in a 300 kN hydraulic testing 
machine. As opposed to the compression experiments on cylinders, no stress-strain curves 
were recorded. 
4.2.3 Hopkinson bar experiments: test setup and method of data evaluation 
The dynamic experiments were performed at the Fraunhofer Institute for High-Speed 
Dynamics, Ernst-Mach-Institute (EMI). The Hopkinson bar setup used in this investigation 
was the spall configuration. It consists of an acceleration facility for the generation of the 
loading pulse and a long slender incident bar, at the end of which a cylindrical specimen is 
positioned; see Figure 4.15. The loading is caused by accelerating a striker bar with defined 
length and diameter, which then strikes the incident bar. The length of the specimens was 
adopted from numerous previous studies on various types of concrete at the EMI (Schuler et 
al. 2006; Millon et al. 2009; Mechtcherine et al. 2011a). Both the specimen length and 
material properties influence the wave shape and its amplitude due to damping effects. To 
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minimize such influence, the wave properties were measured directly on the specimen. In 
each experiment, the impact velocity is derived from the recordings of a two-channel light 
barrier. The system is installed close to the impact zone, providing realistic impact velocities. 
Since the distance between the two gauges is known, the impact velocity can be calculated 
from the measured time difference. The impact induces a longitudinal propagating pulse 
which consists of a compression portion and a subsequent decompression portion. The pulse 
advances along the incident bar until it reaches the sample, where, due to different 
impedances of the aluminum incident bar and the specimen, it is partially transmitted by the 
sample and is partially reflected to the bar. When the incident pulse (compressive wave) 
reaches the free end of the specimen, it reflects completely into a tensile wave. Due to the 
high magnitude of the impact wave, the tensile strength of the tested material is exceeded 
already in the overlapping zone of the decompression part of the compression wave with the 
reflected tensile wave, causing spall fracture; see Figure 4.15. 
 
 
Figure 4.15. Hopkinson bar schema and wave propagation in spall experiments in time. 
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The wave propagation in the bar and the specimen is controlled by longitudinal strain gauges. 
Their strain-time signals are taken directly for the evaluation of the experiments. Recording 
systems with high sample rate in the MHz range are required for these stress-wave 
experiments with loading times in the millisecond range. 
Unnotched samples are used for evaluating the dynamic tensile strength and Young's modulus 
because undisturbed wave propagation through the specimen is required. Notched samples are 
used for determining the dynamic fracture energy, since it is important to ensure 
fragmentation of the sample into two parts. Furthermore, the notch makes it possible to 
monitor the fragmentation process closely by focusing the optical measuring equipment on a 
predefined failure region.  
 
Figure 4.16. Longitudinal wave propagation in the material and particle speed recording on 
an M1-PE sample. 
The specimens are equipped with two longitudinally arranged strain gauges and a thin 
reflector on the transverse face at the free end. The strain gauges are necessary for evaluating 
the strains and propagation velocity of the longitudinal wave in the sample, while the reflector 
serves the laser measuring system to record the time variation of the particle speed; see Figure 
4.16. By compiling the particle velocity-time signal with the strain-time signals of the strain 
gauges, the time differences (time of wave propagation) t are derived. Under consideration 
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of the distances s between the specimen’s free end and the strain gauges an average velocity 
is calculated. 
The evaluation of spall experiments is based on the law of conservation of momentum and 
energy and uses the theory of longitudinal wave propagation in a solid long thin bar (Schuler 
et al. 2006). For determining the dynamic Young's modulus Edyn, it is necessary to know the 
longitudinal wave's velocity CL in the tested material and the density ρ of the material; see 
Eq. 4.2. The velocity of the longitudinal wave is determined according to Eq. 4.1 from the 
signals recorded by the strain gauges as shown in Figure 4.16. For this, steady wave 
propagation is assumed. 
𝐶𝐿 =
∆𝑠
∆𝑡
 (4.1) 
𝐸𝑑𝑦𝑛 = 𝐶𝐿
2 ∙ 𝜌 (4.2) 
As mentioned above, a laser measuring system monitors the particle velocity on the free face 
of the sample. From the resulting curve (Figure 4.16) the pull-back velocity ∆𝑢𝑝𝑏 can be 
determined and implemented in the evaluation of the dynamic tensile strength ft,dyn, as in 
Eq. 4.3: 
𝑓𝑡,𝑑𝑦𝑛 =
1
2
∙ 𝐶𝐿 ∙ 𝜌 ∙ ∆𝑢𝑝𝑏 (4.3) 
The dynamic specific fracture energy 𝐺𝐹
′  of a material defines the energy which is dissipated 
during the fracture process (here spallation). It can be determined on notched specimens and 
is based on the momentum transfer from the second fragment to the first one (I1-2) and by 
involving the velocities of the fragments before and after the crack formation (mean crack 
opening velocity ?̇?1−2) (Schuler et al. 2006; Millon et al. 2009) according to Eq. 4.4: 
𝐺𝐹
′ =
1
𝐴𝑒𝑓𝑓
∙ 𝐼1−2 ∙ ?̇?1−2 (4.4) 
where Aeff is the effective (net) cross-section of the specimen. 
The velocities of the fragments before fracture can be computed analytically according to 
Schuler et al. (2006), while the speeds of the fragments after crack initiation are measured 
with an analogous high-speed extensometer. Figure 4.17 presents an example of the 
displacement-time relationship for each fragment formed. 
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Figure 4.17. Displacement-time measurement with an optical high-speed extensometer. 
Before the dynamic tensile strength is reached in a spall experiment, elastic material behavior 
is assumed. Thus, the strain gauge recordings enable to estimate stress waves from which 
stress-time profiles are calculated for each point of the specimen (Millon et al. 2009). 
According to Eq. 4.5 the strain rate for a certain position and a certain time can be calculated 
as 
̇ =
𝑑
𝑑𝑡
∙
𝜎(𝑥,𝑡)
𝐸
 (4.5) 
with 𝜎(𝑥, 𝑡) the calculated stress-time profile and 𝐸 the dynamic Young’s modulus. 
4.2.4 Results and discussion 
4.2.4.1 Quasi-static compression and tension experiments 
The average compressive strength of M1-PE was approximately 25 MPa, while that of M2-PE 
was around 140 MPa as tested on three cubes for each SHCC type; see Table 4.5. Similar 
compressive strength values were recorded on cylinders of 250 mm height and 75 mm 
diameter; however, the average compressive strength of M1-PE measured on cylinders was 
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slightly higher than that measured on cubes. The average Young’s moduli of M1-PE and M2-
PE were 13.6 and 29.5 GPa, respectively. Figure 4.18 presents two representative stress-strain 
curves obtained from compression experiments on cylindrical SHCC specimens. 
 
Figure 4.18. Compressive stress-strain curves measured on cylindrical specimens. 
For each type of SHCC three unnotched specimens were tested under tension. The stress-
strain curves are shown in Figure 4.19a. Under quasi-static tensile loading, unnotched M2-PE 
exhibited pronounced multiple cracking with an average crack-spacing of approximately 
3 mm. The average strain capacity was 4.3%. In contrast, the M1-PE samples failed at 
noticeably lower strains (average 1.3%) which resulted from substantially less pronounced 
multiple cracking. 
 
Figure 4.19. Tensile stress-strain curves under quasi-static loading as obtained from the tests 
on unnotched cylinders made of: a) M1-PE and b) M2-PE. 
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In addition to the tests on unnotched cylinders, two notched samples were tested for each 
SHCC material for primary evaluation of the specific fracture energy under quasi-static 
loading. Despite the circular notches being 18 mm deep, the purposefully engineered ductility 
of SHCC under investigation prevented the formation of one single fracture plane, which is a 
prerequisite for clear derivation of the specific fracture energy. Therefore, only two samples 
were tested for each type of SHCC to estimate the material behavior in the presence of 
notches. In both materials M1-PE and M2-PE, more than one crack developed adjacent to the 
notch; see Figure 4.24. This resulted in large ultimate displacements, i.e., displacement at 
which the maximum stress is attained, of 0.5 mm and higher; see Figure 4.20b, and in 
relatively small difference in the values of work-to-fracture obtained in the tests on notched 
and unnotched specimens, especially in the case of M1-PE; see Table 4.5. 
 
Figure 4.20. Tensile stress-displacement curves under quasi-static loading as obtained from 
the tests on notched cylinders made of: a) M1-PE and b) M2-PE. 
Although the behavior of M2-PE is obviously more ductile than that of M1-PE in the tests on 
unnotched specimens, the failure of the notched M2-PE specimens seems to suggest higher 
brittleness than that of M1-PE samples. In particular, stress-displacement diagrams for M2-PE 
exhibit lower values of ultimate displacement and critical displacement or critical crack 
opening, i.e., when no tensile stresses can be transferred across the crack anymore. One of the 
reasons for this phenomenon is the pronounced multiple cracking in the notch region 
developed in M1-PE samples. 
Furthermore, in contrast to the M1-PE specimens, the higher stress level and stronger bond 
between fiber and matrix in the tests with M2-PE lead to rupture of a considerable number of 
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fibers, while in the tests on M1-PE a complete fiber pullout was observed due to lower stress 
level and weaker bonding; see also Figure 4.23. 
In contrast to ordinary concrete and other brittle and quasi-brittle materials, SHCC exhibit no 
notch-sensitivity. Contrarily, the tensile strength measured on notched cylinders was 
considerably higher than that obtained from the test on unnotched cylinders. Actually, this is a 
typical result for ductile materials, e.g., steel. One reason for this phenomenon is likely the 
multiaxial state of stress in the region around the notch tip, which might cause an increase in 
local tensile strength. This can also be judged by the arched crack pattern adjacent to the 
fracture planes of notched samples as presented in Figure 4.24. Another, more obvious 
reason: Unlike the situation of unnotched specimens, where failure occurs randomly in the 
weakest cross-section, the position of each notch marks the weakest cross-section from a 
geometrical but not necessarily a material point of view. Furthermore, the reduced cross-
section facilitates a more uniform crack opening due to the predefined crack pattern, as 
opposed to the unnotched samples, in which the localization cracks propagate gradually 
through the cross-section. 
Table 4.5. Results of the quasi-static tests, test results in the case of two experiments, 
otherwise average values; standard deviations are given in parentheses.  
Material M1-PE M2-PE 
Bulk density ρ cube [kg/m3] 1877 (6) 2135 (11) 
Compressive strength cube fc,cube [MPa] 24.1 (3.7) 139.5 (6.7) 
Type of specimens unnotched notched unnotched notched 
Compressive strength cylinder fc,cyl [MPa] 31.3 / 27.2 - 141.2 / 134.2 - 
Young's modulus E0,stat [GPa] 13.6 / 13.6 - 29.1 / 29.7 - 
Quasi-static tensile strength ft,stat [MPa] 3.12 (0.2) 3.7 / 4.1 5.94 (0.7) 9.5 / 9.3 
Ultimate strain [%] 1.3 (0.5) - 4.3 (1.3) - 
Ultimate displacement (notched) [mm] - 0.85 / 1.69 - 0.94 / 0.66 
Total fracture energy GF,stat [Nm] 18.6 (10.8) 10.5 / 17.4 118 (53) 15.7 / 14.3 
Specific fracture energy G’F,stat [N/m] - 9254 / 13821 - 13814 / 12602 
Specific fracture energy G’F,stat [kJ/m2]  9.3 / 13.8  13.8 / 12.6 
The increase in tensile strength for the notched specimens is much more pronounced for M2-
PE than for M1-PE, for which the reason can likely be traced back to M2-PE’s higher fracture 
toughness, i.e., here resistance to crack formation. Also, as opposed to the unnotched samples, 
the pronounced multiple cracking adjacent to the notches of M1-PE specimens might reduce 
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the effective embedded length of the crack-bridging fibers, limiting the crack-bridging 
capacity and leading to a smaller difference in strength values measured on unnotched and 
notched specimens. 
Another particularity relates to the measured values of work-to-fracture 𝑊, or total fracture 
energy, equal to the area under the force-deformation curve and corresponding to a gauge 
length of 70 mm. Table 4.5 shows that the average GF as obtained from the tests on unnotched 
M1-PE specimens is just 1.3 times higher than the values corresponding to notched 
specimens, while for M2-PE these values differed by roughly 8 times. The moderate 
difference for M1-PE specimens is also an effect of the multiple cracking occurring in the 
notched region. Obviously, the crack density was much higher in the notched region than that 
in the unnotched cylinder, an observation which agrees with earlier findings for M1-PVA 
(Jun 2010). 
Finally, it should be noted that the difference between M1-PE and M2-PE in terms of specific 
fracture energy G’F is small, as opposed to the difference in total fracture energy (work-to-
fracture). This can be attributed to the complete fiber pullout as observed in M1-PE, which 
yields a much shallower descending branch of the stress-displacement curve, higher energy 
consumption at larger crack openings, thus compensating for the considerably lower crack-
bridging capacity in comparison to fibers embedded in a high-strength matrix, i.e., higher 
energy consumption at lower crack openings. 
The contribution of fiber pullout to fracture energy can be also highlighted by involving in 
discussion the M1-PVA investigated by Mechtcherine et al. (2011a), which had a specific 
fracture energy of 5561 N/m (5.56 kJ/m2), thus considerably lower than M1-PE or M2-PE. 
The strong bonds between PVA fibers and cementitious matrix together with the slip-
hardening characteristic strongly reduce the extent of pullout and promote fiber failure. 
4.2.4.2 Spall experiments with the Hopkinson bar 
Four notched and four unnotched specimens were tested for each composite, M1-PE and M2-
PE, respectively. A pronounced increase in Young's modulus was measured on M1-PE 
(unnotched cylinders) with a dynamic increase factor of 1.75, which is higher than in the case 
of the normal-strength M1-PVA with a DIF of 1.5 (Mechtcherine et al. 2011a). At the same 
time, Young's modulus of M2-PE did not increase, which is similar to ultra-high performance 
concrete (UHPC) having a strain rate independent Young’s modulus; see, for example, 
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(Millon et al. 2009). Actually, the average Young’s modulus of M2-PE obtained under 
dynamic loading was even slightly lower than that measured under quasi-static loading; see 
Tables 4.5 and 4.6. Further investigations will be needed to explain the reason behind the 
pronounced increase in Young’s modulus in the case of normal-strength SHCC (M1-PE) and 
the lack of such increase in the case of high-strength SHCC (M2-PE). 
Spall fracture with complete failure of the specimen was only achieved in notched samples. 
Despite reaching the maximum capacity of the testing setup, the unnotched specimens mostly 
suffered damage only in the form of multiple cracking, without clear localization; see Figure 
4.21. As explained in Section 4.2.3, notches disturb the longitudinal wave propagation, 
causing additional wave reflections and unreliable output because of states of multi-axial 
stresses. This can be observed in Table 4.6, where the average wave velocity in the notched 
M1-PE samples is considerably lower than in the unnotched ones. Therefore, the evaluation 
of the dynamic tensile strength is done on unnotched specimens. However, the tests on 
notched specimens yielded strength values presumably closer to the real dynamic tensile 
strength, as shown in Table 4.6, since in these tests actual failure occurred and not just limited 
damage as in the case of most unnotched specimens. 
Table 4.6. Results of the Hopkinson bar tests (average values, standard deviations are given 
in parentheses) and dynamic increase factors DIF. 
Material M1-PE M2-PE 
Type of specimens unnotched notched unnotched notched 
Bulk density ρ cylinder [kg/m3] 1843 (13) 1817 (32) 2114 (22) 2115 (25) 
Wave velocity CL [m/s] 3589 (56) 2818 (60) 3667 (92) 3279 (40) 
Young's modulus E0,dyn [GPa] 23.8 (0.8) - 28.4 (1.4) - 
Dynamic peak tensile stress ft, dyn [MPa] 13.9 (1.4) 21.3 (1.9) 28.1 (2.0) 29.3 (3.5) 
Specific fracture energy G’F,dyn [N/m] - 38400 (9520) - 55810 (4370) 
Specific fracture energy G’F,dyn [kJ/m2] - 38.4 (9.5)  55.8 (4.4) 
DIF Young's modulus 1.75 - 0.96 - 
DIF tensile strength 4.46 5.4 4.72 3.12 
DIF specific fracture energy - 3.3 - 4.2 
More than that, the assumption of linear elastic propagation of the tensile wave does not hold 
true in the case of unnotched specimens, because the formation of multiple cracks damps the 
tensile wave considerably, this being also indicated by the impossibility to achieve failure of 
the samples. The effect of such a pronounced inelastic behavior on the applicability of the 
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presented evaluation method will be verified with the help of numerical simulations in future 
studies. 
Note that the values for specific fracture energy in Tables 4.5 and 4.6 are also given in kJ/m2 
for enabling a comparison to the results presented in Section 4.3 on a different specimen 
geometry. The units normally used in the current section facilitate a comparative analysis to 
previous investigations by other authors with the same testing setup. 
 
 
Figure 4.21. Damaged M1-PE and M2-PE samples after the Hopkinson bar test (sprayed with 
water to highlight the crack pattern). 
Two unnotched specimens from each material combination were tested quasi-statically after 
they were tested in the Hopkinson bar to assess the damage degree induced in the dynamic 
experiments. Figure 4.22 presents the corresponding stress-strain relationships. The ascending 
branches of all curves are considerably shallower than those measured in the tests on 
undamaged specimens; obviously, the multiple cracking causes a pronounced decrease in 
stiffness. Otherwise, however, the mechanical performance of the pre-damaged specimens 
was comparable to those which had not suffered dynamic loading. The specimens exhibited 
M1-PE 
M2-PE 
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further multiple cracking and provided values of residual tensile strength and strain capacity 
similar to those obtained in the quasi-static tests on “virgin” SHCC samples. 
However, one of the M2-PE samples which has shown localization of failure already in the 
dynamic test yielded a considerably smaller residual tensile strength and strain capacity; see 
Figure 4.21 and the curve marked with an arrow in Figure 4.22b. The failure occurred during 
quasi-static test in the same plane in which the initial crack was localized after dynamic 
testing. 
 
Figure 4.22. Stress-strain behavior of: a) M1-PE and b) M2-PE as measured in quasi-static 
tests on specimens previously tested with Hopkinson bar; the arrow marks the curve 
belonging to a specimen which exhibited failure localization already after the dynamic test. 
As under quasi-static loading conditions, the dynamic tensile strength of SHCC is represented 
by the crack-bridging capacity of fibers, which depends both on the tensile strength of the 
fibers and on the fiber-matrix bond strength. The quantitative effects of the dramatic increase 
in the strain rate on fiber bridging capacity is revealed both by the pronounced increase in 
tensile strength values as measured on notched samples and by the fact that the unnotched 
specimens did not fail after cracking while resisting significantly higher tensile stresses in 
comparison to the quasi-static case. 
Furthermore, a qualitative effect of dynamic loading on fiber-bridging is displayed by the 
condition of fracture surfaces (failure modes). The fracture surface of M2-PE resulting from 
quasi-static tests shows that a major part of fibers failed after substantial debonding from the 
matrix. The length of the pulled out fiber fragments provide some indication of the degree of 
such debonding; see Figure 4.23. The fracture surfaces of the M2-PE specimens tested in the 
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dynamic regime (M2-PE-dyn) reveal predominantly fiber failure after negligible debonding of 
fibers from matrix; only very short fragments of fibers can be seen. In contrast, complete fiber 
pullout, i.e., without any fiber failure, clearly dominates the appearance of fracture surfaces of 
M1-PE specimens tested under quasi-static conditions. The M1-PE specimens tested under 
dynamic conditions exhibit a portion of fibers which failed after some debonding. The 
corresponding changes observed for M1-PE are less obvious due to the weak fiber-matrix 
bond, but they are still clearly visible. Based on these observations it can be stated that the 
dynamic tensile strength of M1-PE is primarily dominated by the fiber-matrix bond strength, 
while that of M2-PE is limited by the tensile strength of HDPE fibers. 
  
  
Figure 4.23. Fracture surfaces of notched SHCC samples tested in quasi-static and dynamic 
regimes. 
Figure 4.24 presents polished sections cut longitudinally from notched specimens to analyze 
the crack formation adjacent to the notches. Additionally, sections from M1-PVA specimens 
were cut, which were previously investigated by Mechtcherine et al (2011a). Clearly, all 
specimens tested in both regimes, i.e., quasi-static and impact, developed multiple cracking 
adjacent to the notches. This explains the high measured specific fracture energy values. Note 
M2-PE-QS M2-PE-DYN 
M1-PE-QS M1-PE-DYN 
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that the evaluation method based on the pull-back velocity assumes that the failure (rupture) 
of the specimen is instant and is associated with a sudden disruption in the wave propagation 
(Lu et al. 2013). The formation of multiple cracks has a pronounced damping effect on the 
wave, meaning that tensile strength of the notched SHCC specimens as presented in Table 4.6 
and by Mechtcherine et al. (2011a) might be exaggerated. At the same time, the dynamic 
tensile strength values corresponding to unnotched specimens are not representative, since no 
effective failure of the samples was achieved. 
 
 
 
Figure 4.24. Polished longitudinal slices from notched M1-PE, M2-PE and M1-PVA samples 
tested in quasi-static and dynamic regimes; cracks are traced with black lines for highlighting 
their pattern. 
The effect of strain rate can also be judged based on the state of the fibers pulled out of the 
matrix. As described in Mechtcherine et al. (2011a), in case of M1-PVA no deformations of 
fibers were observed on the fracture surfaces after quasi-static loading, while under dynamic 
loading the PVA fibers showed prominent plastic deformations. Figures 4.25 and 4.26 are 
ESEM pictures with typical HDPE fiber appearances as captured on the fracture surfaces of 
M1-PE and M2-PE specimens after static and dynamic testing. The pulled out fibers on the 
fracture surfaces of M1-PE specimens tested under dynamic regime show many more 
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hydration products attached to them; see Figure 4.25. This indicates that the fiber-matrix 
interface suffered more damage in comparison to the quasi-static loading regime. In the case 
of M2-PE under quasi-static loading, the fibers exhibited pronounced damage such as pilling 
and scratching due to the hard matrix; see Figure 4.26a. Under impact loading such damage is 
even more severe; the representative short, protruding fiber due to fiber rupture exhibits a 
rough lateral surface with longitudinal splitting and large attached matrix fragments; see 
Figure 4.26b. For both SHCC matrices, the higher concentration of matrix fragments attached 
to debonded fibers arising out of the dynamic tests suggests an increase in the interfacial shear 
resistance with increasing loading rate. This phenomenon could be at least partly explained by 
the strain-rate sensitivity of the fibers’ tensile strength and Young’s modulus, leading to 
increased axial and interfacial stresses. 
  
Figure 4.25. HDPE fibers on the fracture surfaces of M1-PE specimens tested in: a) quasi-
static and b) dynamic regimes. 
  
Figure 4.26. HDPE fibers on the fracture surfaces of M2-PE specimens tested in: a) quasi-
static and b) dynamic regimes. 
a) b) 
40 µm 40 µm 
a) b) 
50 µm 
50 µm 
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A comparison of the crack patterns on the samples shows that multiple cracking becomes less 
pronounced with increasing loading rate. However, the effect of strain rate on multiple 
cracking of unnotched specimens as presented in Figure 4.21 may be overestimated, since the 
tensile strength of the composites was not reached in the impact tests on unnotched cylinders. 
It may be assumed that even higher tensile stresses would lead to formation of some 
additional cracks. Despite the impossibility of evaluating the strain capacity of composites 
using the current test configuration, it can still be concluded that both SHCC M1-PE and M2-
PE performed excellently in terms of ductility under high strain rates. The difficulties 
encountered in achieving complete failure of the unnotched samples represent the best 
evidence of the high energy absorption capacity of SHCC. As comparison, other types of 
high-performance fiber-reinforced concrete, such as steel-fiber-reinforced UHPC, suffer 
fracture with complete separation of specimens into at least two fragments 
(Nöldgen et al. 2013).  
 
Figure 4.27. Dynamic material properties of ordinary concrete (OC) (Schuler et al. 2006), 
plain ultra-high performance concrete (UHPC), UHPC with 2.5% by vol. of steel fibers (l/d = 
9 mm/0.15 mm) (Nöldgen et al. 2013), normal-strength M1-PVA (Mechtcherine et al. 2011a), 
normal-strength SHCC M1-PE and high-strength SHCC M2-PE. 
Moreover, in the tests on notched cylinders, both types of SHCC under investigation showed 
remarkably high values of specific fracture energy, 38400 N/m for M1-PE and 55810 N/m for 
M2-PE. These values are considerably higher even in comparison to the normal-strength 
SHCC reinforced with PVA fibers (Mechtcherine et al. 2011a), which yielded an average 
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specific fracture energy of “only” 13316 N/m. Figure 4.27 shows the values of dynamic 
tensile strength and specific fracture energy for both types of SHCC investigated in the 
current work and those for other types of concrete, among others the above mentioned M1-
PVA and UHPC. Even though the tensile strength of UHPC containing 2.5% steel fibers is by 
far the highest, the energy dissipation capacity, as represented by the specific fracture energy, 
is approximately 3.5 times and 5 times higher in the case of M1-PE and M2-PE, respectively. 
However, the notched, high-strength SHCC M2-PE samples yielded an extremely high 
fracture energy despite suffering predominant fiber failure, while the notched M1-PVA 
specimens with a comparable dynamic tensile strength showed a much lower fracture energy 
despite pronounced fiber pullout (Mechtcherine et al. 2011a). Note that both types of SHCC 
developed multiple cracks adjacent to the notches; see Figure 4.24. This issue is most 
probably related to the evaluating technique and will be clarified comparatively in 
Section 4.3.4.7. 
The contrary effects of strain rate on the fracture modes of M1-PVA and M2-PE can be 
explained by noting that the tensile strength of fibers and the fiber-matrix bond strength do 
not change proportionally with an increase in the loading rate; also noteworthy is that they 
change differently for PVA and HDPE fibers. With the change of these two key parameters, 
the micromechanical balance changes as well when dynamic loading is applied instead of 
quasi-static loading. This aspect is addressed in more detail in Chapter 5. 
4.2.5 Summary and outlook 
The tensile behavior of the normal-strength SHCC M1-PE and of the high-strength SHCC 
M2-PE was investigated in quasi-static and dynamic loading regimes on unnotched and 
notched cylindrical specimens. The Split Hopkinson bar was used for the dynamic spall 
experiments with a strain rate of approximately 150 s-1. For both SHCC under investigation 
considerable increases in tensile strength and fracture energy and a clear decrease in strain 
capacity, as manifested in the number of cracks, were observed. The effect of strain rate was 
also obvious from the appearance of fracture surfaces: The specimens tested in the dynamic 
regime showed more predominant fiber rupture in comparison to the specimens tested in 
quasi-static regime. Similar as at intermediate strain rates, the failure mode of the normal-
strength SHCC made with HDPE fibers proved to be different from that of SHCC made of the 
same matrix but containing PVA fibers, the latter being mostly susceptible to pullout under 
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high-speed tensile loading as shown in a previous investigation by Mechtcherine et al. 
(2011a). 
The investigations using spall experiments provided valuable insight into the effects of high 
strain rates on the tensile behavior of SHCC. However, two important limitations were 
encountered in these tests. The first one was that the testing configuration applied did not 
enable measurement of the stress, strain, and crack-opening time histories. The second 
limitation was that the physical limits of the Hopkinson bar used in the spallation 
configuration were reached when testing highly ductile SHCC. Despite the extremely high 
energy input, complete fracture was only achieved in the tests on notched specimens. 
Therefore, the quantitative assessment of the dynamic behavior of SHCC under impact 
loading was restricted to specific fracture energy and tensile strength on notched specimens as 
well as Young’s modulus and crack pattern on unnotched cylinders. 
Furthermore, the evaluation methodology of the spall experiments presented in this section 
relies strictly on the assumption that the tested material exhibits elastic behavior up to failure, 
which might be applicable for quasi-brittle materials, such as concrete. However, the high 
quasi-ductility of SHCC, as manifested through the formation of multiple cracks in unnotched 
and notched specimens, does not fulfill the condition for elastic material behavior, leading to 
a questionable accuracy of the measured mechanical parameters. Numerical simulations could 
help quantify the error induced by the ductile failure of the specimens with respect to the 
evaluated mechanical properties according to this method. This could also help to assess the 
applicability of the method to SHCC in general. 
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4.3 Impact tension tests with the split Hopkinson tension bar 
In this experimental series the dynamic tensile behavior of all three types of SHCC was 
investigated with a modified Hopkinson tension bar at displacement speeds of up to 6 m/s. In 
addition to unnotched and notched specimens, among which the unnotched samples were of 
two different lengths, unnotched specimens made of corresponding non-reinforced matrices 
were tested. Depending on specimen length, strain rates of approximately 100 s-1 and 200 s-1 
were achieved, while the initial loading rate was 650 GPa/s. The actual dynamic testing setup 
enabled an accurate recording of the stress-strain and stress-crack opening displacement 
relationships and, in turn, a detailed quantitative assessment of the strain rate sensitivity of 
SHCC depending on fiber type and matrix composition. The current experimental series was 
performed in collaboration with the DynaMat Laboratory, University of Applied Sciences of 
Southern Switzerland (SUPSI), Switzerland. 
4.3.1 Specimen production 
The materials were mixed in a 10 l capacity Hobart mixer according to the procedures 
described in Annex B. Each production series consisted of two mixing sequences, this being 
sufficient for two molds, from which prismatic beams were obtained as presented in Figure 
4.28. A production series was intended for one set of quasi-static and dynamic experiments 
performed on a specific combination of material and specimen geometry. 
The dynamic testing setup imposed a cylindrical specimen geometry with a diameter of 
20 mm. The specimens were core-drilled out of beams with a length of 280 mm and side 
dimensions of 75 mm by 75 mm. Figure 4.28 presents schematically the cutting and core-
drilling configurations for the long, unnotched specimens. The 30 mm ends of the beams were 
not used, while from each remaining piece, three blocks were cut. From each block, four 
specimens were core-drilled from the middle region. The cylinders obtained were shortened 
by sawing them to the required length, and their ends were polished to achieve parallel 
surfaces perpendicular to the longitudinal axis. Due to logistical considerations, the 
preparation of the specimens occurred on the 7th day after casting. The testing age was 
14 days as in the previous test series. 
Specimens of two different lengths were produced. The gauge lengths in both the quasi-static 
and dynamic testing setups were 50 mm for the long specimens and 25 mm for the short 
samples. For characterizing the single-crack tensile behavior, short notched specimens were 
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produced additionally. The notches had a depth of 4 mm and were cut with a 0.6 mm thin 
circular saw blade. The extensions describing the specimens’ lengths and type are added to 
the nomenclature of the materials investigated: L for long unnotched specimens, S for short 
unnotched specimens and SN for the short notched ones. Due to the 12.5 mm embedment on 
both ends of the specimens in the quasi-static testing setup (see Section 4.3.3), the preparation 
length of the samples intended for the quasi-static tests was 25 mm longer than their effective 
gauge length, namely 75 mm instead of 50 mm for the long specimens, as shown in Figure 
4.28, and 50 mm instead of 25 mm for the short notched and short unnotched specimens. The 
specimen fixing technique in the dynamic testing setup required no additional length of the 
specimens. 
 
Figure 4.28. Mold geometry and core drilling schema for long cylindrical specimens; samples 
are hatched with black; dimensions are given in millimeters. 
4.3.2 Quasi-static experimental setup 
To conduct a consistent experimental series with comparable results in both loading regimes, 
an adjustable fixing device for cylindrical specimens was built for the quasi-static tensile 
experiments; see Figure 4.29. The specimens were glued at both ends in 12.5 mm thick steel 
rings. Subsequently, the rings were bolted to special steel stamps and rigidly connected to the 
testing machine with steel rods, ensuring non-rotatable boundary conditions. The gluing 
procedure was as follows: First, outside the machine, the specimen was glued in the ring at 
one end, its axial alignment insured by a special fixing frame. Next, the specimen was fixed to 
the crosshead of the testing machine. In this position, with the free end hanging downwards, 
the specimen was driven into the bottom ring, which was fixed in the machine and filled with 
glue. Testing was possible as early as 20 minutes after gluing. A bi-component glue 
consisting of the fluid component DEGADUR®1801 and powder component 
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DEGADUR®7742 F (N), produced by Evonik Röhm GmbH, was used for this purpose. A 
circular frame with an adjustable height was fixed around the embedment rings, on which two 
Linear Variable Differential Transformers (LVDTs) were installed to measure axial 
deformations. 
 
Figure 4.29. Quasi-static testing setup with a long unnotched SHCC specimen. 
The experiments were performed in a deformation-controlled regime with a displacement rate 
of 0.05 mm/s. At least five specimens were tested for each SHCC type and sample length and 
eight long specimens were tested for each matrix type without the addition of fiber. 
4.3.3 Split Hopkinson tension bar 
In the split Hopkinson tension bar setup (Cadoni et al. 2009) the specimen is sandwiched 
between two aluminum bars having front and end surface contact; see Figure 4.30. A bi-
component epoxy resin BASF Concresive 1402 was used to glue the specimens to the bars, 
which required at least 8 hours hardening time at room temperature. Heating the SHCC 
specimens to accelerate the hardening process of the glue was not allowed, to avoid any effect 
of temperature on the mechanical properties under investigation. Accordingly, only one 
SHCC specimen could be tested per day. Three specimens were tested for each material 
combination and specimen length. Because the specimens intended for a testing set were 
generally produced in the same batch, the testing ages of the specimens varied between 13 
and 15 days. 
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The split Hopkinson tension bar setup consisted of an input bar of length 3 m and of an output 
bar 6 m long, both bars being made of aluminum and having a diameter of 20 mm. A high-
strength steel bar 6 m long having a diameter of 12 mm is used as a pre-tensioned bar for 
generating the loading pulse; see Figure 4.30. The diameter of the pre-tensioned bar was 
chosen to obtain the same acoustical impedance of the input bar and avoid any spurious 
reflection at their connection. 
 
Figure 4.30. Split Hopkinson tension bar setup with a long unnotched and a short notched 
SHCC specimens. 
During the experiment, the free end of the pre-tensioned bar was pulled with the help of a 
hydraulic jack, while the end connected to the input bar was fixed by a blocking device. By 
pulling the free end of the pre-tensioned bar, elastic energy was stored in it. Then the rupture 
of the brittle intermediate piece in the blocking device was followed by a sudden release of 
the stored elastic energy, generating a tensile wave of trapezoidal shape of 2.4 ms duration 
and with a rise-time of about 60 µs. In the present investigation, the target maximum 
displacement speed was 6 m/s. Figure 4.31 shows just the initial part of the input wave, 
corresponding to approximately the travel time of the wave from the input strain gauge to the 
specimen and back. 
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Figure 4.31. Part of the generated input stress in the input bar. 
The generated pulse propagates along the input bar with the velocity 𝐶0 of the elastic wave 
with its shape remaining constant. When the incident pulse εI reaches the specimen, part εR of 
it is reflected by the specimen due to the different impedances of the specimen material and 
aluminum, whereas another part εT, passes through the specimen and propagates into the 
output bar. The relative amplitudes of the incident, reflected and transmitted pulses depend on 
the mechanical properties of the specimen. Strain gauges glued to the input and output bars of 
the device are used to measure as a function of time the elastic deformation created on both 
bars by said incident, reflected, and transmitted pulses. 
The application of the elastic, uniaxial stress wave propagation theory to the Hopkinson bar 
system (Kolsky 1949) allows calculation of the forces F1 and F2 and the displacements δ1 and 
δ2 acting on the two faces of the specimen in contact with the input and output bars, 
respectively. The calculations are done using Eqs. 4.6 to 4.9, which are based on the recorded 
strains εI, εR, εT of the elastic input and output bars (Cadoni 2010): 
𝐹1 = 𝐸0𝐴0( 𝐼 + 𝑅) (4.6) 
𝐹2 = 𝐸0𝐴0 𝑇 (4.7) 
𝛿1 = 𝐶0 ∫( 𝐼 − 𝑅)𝑑𝑡 (4.8) 
𝛿2 = 𝐶0 ∫ 𝑇𝑑𝑡, (4.9) 
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where E0 is the bar modulus of elasticity, A0 the bar cross-section area, and C0 the elastic 
wave velocity. The stress and the strain of the specimen can be determined with Eqs. 4.10 and 
4.11: 
𝜎 =
𝐹1+𝐹2
2𝐴𝑠
 (4.10) 
=
𝛿1−𝛿2
𝐿𝑠
 (4.11) 
where Ls is the specimen length, As the specimen cross-sectional area, and t the time. Note 
that in Eq. 4.10 all three recorded strains are considered in calculating the stress. 
In the case of the short specimens, the travel time of the wave through the specimen is small 
in comparison to the duration of the test. Thus, the specimen can be considered as being in 
load equilibrium at its ends and in a uniform stress state created by the many wave reflections 
taking place at the ends of the specimen. The stresses at both ends are equal, i.e., the sum of 
the incident and reflected waves equals the transmitted wave (εI + εR = εT). The time histories 
of the stress, strain, crack opening displacement (COD) and strain rate in the specimen can be 
calculated using Eqs. 4.12 to 4.15: 
𝜎(𝑡) = 𝐸0
𝐴0
𝐴𝑠
𝑇(𝑡) (4.12) 
𝑇(𝑡) = −
2𝐶0
𝐿𝑠
∫ 𝑅(𝑡)𝑑𝑡
𝑡
0
 (4.13) 
𝐶𝑂𝐷(𝑡) = −2𝐶0 ∫ 𝑅(𝑡)𝑑𝑡
𝑡
0
 (4.14) 
̇(𝑡) =  −
2𝐶0
𝐿𝑠
𝑅(𝑡) (4.15) 
In verifying whether the specimen is in stress equilibrium, the stresses at its both ends must be 
compared. The stresses at the output end are calculated according to Eq. 4.12 while the 
stresses at the interface with the input bar are calculated considering the input and reflected 
waves using Eq. 4.16: 
𝜎(𝑡) = 𝐸0
𝐴0
𝐴𝑠
( 𝐼(𝑡) + 𝑅(𝑡)) (4.16) 
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4.3.4 Results and discussion 
4.3.4.1 Quasi-static tension experiments on long unnotched matrix and SHCC 
specimens 
To understand the effect of increasing strain rates on the mechanical properties of SHCC, it is 
important to assess the individual strain rate sensitivities of the matrix, of the fiber and of 
their common interface. The quasi-static compressive strength of the matrices is given as a 
reference and also for justifying the term “high-strength” attributed to M2, since it is difficult 
to assign this feature based on its tensile strength alone. Table 4.7 presents the average values 
of the quasi-static tensile strength of both cementitious matrices under investigation as 
measured on long unnotched cylindrical specimens as well as their average compressive 
strength values as measured on cubes with 100 mm side length. The average compressive 
strength is 44.8 MPa for M1 and 141.8 MPa for M2, while the average tensile strength of M1 
is 2.8 MPa and that of the high-strength matrix M2 is just 3.4 MPa. Most probably, the 
relatively low tensile strength of M2 is caused by air voids resulting from its high viscosity in 
the fresh state as well as by distributed, tiny clumps of unhydrated cement and silica fume 
which form due to the insufficient shear stresses during mixing due to the absence of large 
aggregates and fibers. 
Table 4.7. Average compressive and tensile strength values of the normal-strength M1 and 
high-strength M2 matrices; standard deviations are given in parentheses. 
Matrix type and specimen geometry M1-cube M2-cube 
Compressive strength [MPa] 44.8 (0.3) 141.8 (8.5) 
Matrix type and specimen geometry M1-L M2-L 
Tensile strength [MPa] 2.8 (0.6) 3.4 (0.3) 
Figure 4.32 presents the stress-strain curves obtained from the long SHCC specimens in 
quasi-static tension tests. The curves are quantitatively very similar to those presented in 
Section 4.2 and by Mechtcherine et al. (2011a) on considerably larger cylindrical specimens 
75 mm in diameter, 250 mm effective length and 70 mm gauge length. The first-crack stress 
for M1-PVA-L is the highest among the three tested types of SHCC. It is also higher than the 
tensile strength of the non-reinforced matrix M1 as given in Table 4.7. This demonstrates the 
effect of the strong chemical bond between the PVA fibers and the cementitious matrix, 
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which involves the fibers’ hindering the propagation of micro-cracks before the formation of 
a larger crack recognizable by the first stress drop in the stress-strain curve. 
The first-crack stress of M1-PE-L is, with 2.4 MPa, considerably lower in comparison to M1-
PVA-L; see Table 4.8, and lower than the tensile strength of the normal-strength cementitious 
matrix M1 (2.8 MPa) as well; see Table 4.7. The hydrophobicity of the HDPE fibers leads to 
a weak frictional bond with the normal-strength cementitious matrix, meaning that the fibers 
are activated only after crack formation. Considering the high volume fraction of fibers, their 
random orientation and not perfectly uniform distribution (due to poor fresh state properties) 
as well as hydrophobic nature of the HDPE fibers (thus, lack of chemical bond to the matrix), 
fiber-matrix interfaces are likely to act as micro-defects. The author assumes that this is the 
main mechanism leading to the reduction in the first-crack stress of the composite in 
comparison to the tensile strength of the constitutive cementitious matrix as observed in the 
investigation at hand. The assumption regarding the weak composite action between HDPE 
fibers and the cementitious matrix before crack formation is also supported by the results 
obtained for M2-PE-L, which yielded first-crack stress lower than the tensile strength of the 
non-reinforced high-strength matrix M2, i.e., 3.0 MPa vs. 3.4 MPa. Curosu et al. (2017) 
showed that polymer micro-fibers which form a strong interfacial bond with the surrounding 
cementitious matrix may increase significantly the first-crack stress of SHCC, provided that 
the Young’s modulus of the fibers is higher than that of the matrix. 
Despite the relatively low first-crack stress, M2-PE-L yielded the highest tensile strength with 
an average value of 6.5 MPa. The other composites reached average tensile stresses of only 
3.8 MPa (M1-PVA-L) and 3.6 MPa (M1-PE-L); see Table 4.8. The fracture surfaces of M2-
PE showed partial fiber rupture, indicating an adequate utilization of the fibers’ mechanical 
properties. At the same time, the fracture surfaces of M1-PVA-L exhibited a highly 
pronounced fiber rupture, the maximum protruding length of the fibers being less than 2 mm, 
significantly less than half of fiber length. This was caused not only by the strong interfacial 
bond but also by the slip-hardening pullout behavior of the PVA fibers from the cementitious 
matrix under low strain rates (Kanda and Li 1998b; Boshoff et al. 2009). In this case the 
tensile strength of the composite was chiefly limited by the tensile strength of the PVA fibers. 
In contrast to M1-PVA-L, the fracture surfaces of M1-PE-L showed complete fiber pullout 
since neither a chemical bond (like in M1-PVA) nor a dense and uniform surrounding matrix 
(like in M2-PE) enabled a proper fiber anchorage; this explains the lowest tensile strength. 
MECHANICAL EXPERIMENTS AT MACRO-SCALE OF INVESTIGATION 
91 
 
 
Figure 4.32. Stress-strain curves of the SHCC under investigation as obtained in quasi-static 
tension tests on long unnotched specimens. 
M2-PE-L reached the highest ultimate strain before softening, of 3.6% on average, as a result 
of highly pronounced multiple cracking. The micro-defects, which have a negative influence 
on first-crack stress of M2-PE, exhibit a beneficial effect on the quasi-ductility of the high-
strength SHCC by playing the role of crack initiators. Furthermore, the high strain-hardening 
ratio of M2-PE, i.e., the ratio of tensile strength to first-crack stress, is advantageous for more 
pronounced multiple cracking. The strain capacity of M1-PVA-L was the lowest compared to 
the other two SHCCs. An important reason for such a behavior was poor multiple cracking 
due to the excessively strong fiber-matrix interfacial bond causing rupture of a considerable 
number of crack bridging fibers during crack formation already. M1-PE-L yielded an average 
ultimate strain of 1.7%, i.e., marginally higher than that of M1-PVA-L. 
Table 4.8 presents the work-to-fracture and the specific fracture energies of the SHCC 
investigated. Work-to-fracture was calculated as the area under the stress-strain curves up to 
failure localization (softening), while specific fracture energy corresponds to the area under 
the stress-crack opening displacement (COD) as measured in the softening phase of the 
experiment. The average work-to-fracture of M2-PE-L is, with a value of 206.5 kJ/m3, 
approximately four times higher than the fracture energies of the other two SHCC. M1-PVA-
L and M1-PE-L yielded comparable results of 52.7 kJ/m3 and 53.5 kJ/m3, respectively. The 
lowest specific fracture energy (1.6 kJ/m2) was measured for M1-PVA-L, which can be traced 
back to the extensive fiber rupture, while M2-PE-L yielded the highest values of 5.7 kJ/m2 on 
average as a result of the highest tensile strength and moderate fiber pullout. M1-PE-L also 
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showed a high average specific fracture energy of 4.9 kJ/m2 ensured by the extensive fiber 
pullout. 
Table 4.8. Average values of the mechanical properties of SHCC obtained from quasi-static 
tension tests on long unnotched specimens; standard deviations are given in parentheses. 
SHCC type and specimen geometry M1-PVA-L M1-PE-L M2-PE-L 
First crack stress [MPa] 3.1 (0.5) 2.4 (0.3) 3.0 (0.6) 
Tensile strength [MPa] 3.8 (0.9) 3.6 (0.4) 6.5 (0.8) 
Ultimate strain [%] 1.5 (0.8) 1.7 (0.8) 3.6 (1.3) 
Average crack spacing [mm] 15.3 (6.6) 9.3 (1.4) 2.6 (0.4) 
Work-to-fracture (up to softening) [kJ/m3] 52.7 (35.3) 53.5 (24.8) 206.5 (81.7) 
Specific fracture energy (softening regime) [kJ/m2] 1.6 (0.8) 4.9 (0.8) 5.7 (1.5) 
4.3.4.2 Quasi-static tension experiments on short unnotched SHCC specimens 
The short specimens had a length of 25 mm, half the length of the long specimens. By 
including this sample geometry in the testing program, the effect of length on the mechanical 
properties of SHCC could be studied. Only M1-PVA and M2-PE were used for these tests. 
Figure 4.33 presents the stress-strain curves obtained while Table 4.9 summarizes the 
mechanical parameters. 
The length of the specimens had an obvious effect on all the tensile parameters of the SHCC 
under investigation. The average first-crack stress of M1-PVA-S increased to 3.5 MPa 
compared to the 3.1 MPa measured on the long samples, and the tensile strength increased 
from 3.8 MPa to 5.3 MPa. A pronounced increase in the strain capacity of M1-PVA-S could 
be observed as well, resulting from more pronounced multiple cracking, i.e., reduced crack 
spacing, in comparison to the long specimens; see Tables 4.8 and 4.9. Interestingly, all 
specimens failed close to one of the fixations. This indicates that the tensile behavior of 
SHCC was influenced by the setup and by the boundary conditions. One of the probable 
reasons for the lower mechanical parameters measured on long specimens is related to the 
imperfect testing conditions, such as specimen alignment and the resulting stress 
concentrations, which are amplified by the length of the specimen. 
The first-crack stress of M2-PE-S increased from 3.0 MPa to 3.8 MPa and the tensile strength 
increased from 6.5 MPa to 8.5 MPa in comparison to the results obtained for long cylinders. 
The strain capacity increased considerably from 3.6% (long specimens) to 6.1% (short 
specimens). The average crack spacing decreased from 2.6 mm (long) to 2.0 mm (short). Note 
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that in the strain-hardening phase the multiple cracks were perpendicular to the specimen 
longitudinal axis, but, as opposed to M2-PE-L, failure localization occurred diagonally across 
the entire specimen length. 
 
Figure 4.33. Stress-strain curves of the SHCC obtained from the quasi-static tension tests on 
short unnotched specimens. 
Table 4.9. Average values of the mechanical properties for SHCC obtained from quasi-static 
tension tests on short unnotched specimens; standard deviations are given in parentheses. 
SHCC type and specimen geometry M1-PVA-S M2-PE-S 
First crack stress [MPa] 3.5 (0.6) 3.8 (0.7) 
Tensile strength [MPa] 5.3 (1.1) 8.5 (1.3) 
Ultimate strain [%] 3.6 (1.2) 6.1 (1.2) 
Average crack spacing [mm] 7.0 (2.6) 2.0 (0.9) 
Work-to-fracture (up to softening) [kJ/m3] 157.8 (77.8) 438.8 (136.9) 
Specific fracture energy [kJ/m2] 1.9 (0.6) 6.8 (1.2) 
The pronounced increase in the tensile strength and strain capacity led to much higher values 
of work-to-fracture in comparison to the long specimens. The work-to-fracture of M1-PVA 
increased from 52.7 kJ/m2 to 157.8 kJ/m3, while the M2-PE showed an increase from 
206.5 kJ/m3 to 438.8 kJ/m3. The increase in the specific fracture energy of M1-PVA was 
moderate, from 1.6 kJ/m2 to 1.9 kJ/m2, and can be traced back to the higher tensile strength. 
The same comment can be made in respect of the increase in the specific fracture energy for 
M2-PE specimens, from 5.7 kJ/m2 to 6.8 kJ/m2. Additionally, the tendency of the shorter 
specimens to diagonal fracture might play a role.  
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The results obtained on specimens of different length clearly indicate that the tensile behavior 
of SHCC is strongly influenced by the specimen length and by the boundary conditions. 
Additional to the statistical effects (probability of the presence of weaker cross-sections), one 
probable reason for the worse mechanical performance as measured on long specimens is 
related to the imperfect testing conditions, such as misalignment of the specimen with respect 
to the loading axis, which are likely to be amplified with increasing length of the specimen. 
Considering the substantially higher values of all mechanical parameters obtained in the tests 
on short specimens in comparison to those measured on long cylinders and extending the 
comparison to the results presented in Section 4.2 and by Mechtcherine et al. (2011a) for 
considerably larger cylindrical samples, the length of 25 mm is too small for a conservative 
assessment of the quasi-static mechanical parameters of SHCC.  
4.3.4.3 Quasi-static tension experiments on short notched SHCC specimens 
The investigations on notched specimens were intended for describing the single-crack 
opening behavior of the tested SHCC. As mentioned in Section 4.3.1, the notches were 4 mm 
deep and were cut with a 0.6 mm thick circular saw blade. The notches reduced the specimen 
cross-section by a factor of 2.8, from 314 mm2 to 113.4 mm2, to ensure a considerably weaker 
middle section and to avoid subsequent crack formation in the adjacent, unreduced parts of 
the specimen. Note that SHCC are designed to form multiple cracking, often making the 
notches ineffective in impeding the formation of more than one crack; see also Section 
4.2.4.1. 
Under quasi-static tensile loading, the notched specimens of all SHCC types yielded higher 
matrix cracking stresses and peak crack bridging stresses in comparison to the unnotched 
specimens; see Figures 4.34 and 4.35. Comparing the current results to the previous 
investigations in Section 4.2 and by Mechtcherine et al. (2011a), a clear effect of the 
specimen geometry and relative notch depth on the response of the specimens can be 
observed. Both the matrix cracking stresses and the peak crack-bridging stresses are higher in 
the present investigation in comparison to the results obtained in the tests on bigger 
cylindrical specimens with smaller ratio of notch depth to sample diameter (18 mm / 75 mm). 
This phenomenon was earlier reported by Jun (2010), where deeper notches in the SHCC 
specimens resulted in higher maximum stresses.  
The average matrix cracking stress of notched M1-PVA-SN specimens is around 5.2 MPa, 
while the average peak stress is 7.8 MPa; in comparison, the short unnotched specimens 
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yielded average values of 3.5 MPa and 5.3 MPa, respectively. Same as in the case of 
unnotched specimens, the fracture surfaces of M1-PVA-SN showed pronounced fiber rupture. 
The scattering of the strength parameters obtained on M1-PVA-SN specimens is the lowest 
among the tested SHCC. This is a result of the satisfactory homogeneity of the composite 
ensured by the optimum fresh state properties. Because of such a considerable increase of the 
strength parameters, but also because of the energy dissipated in the pre-peak crack bridging 
process additionally, the average specific fracture energy is significantly higher than the 
values measured on unnotched specimens: 5.4 kJ/m3 for SN vs. 1.6 kJ/m2 for long and 
1.9 kJ/m2 for short specimens. 
 
Figure 4.34. Quasi-static stress-displacement curves of the tested SHCC obtained on short 
notched (SN) specimens. 
 
Figure 4.35. Initial portions of the quasi-static stress-displacement curves of the tested SHCC 
obtained on short notched (SN) specimens. 
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For the M1-PE-SN samples, the scatter of stress-displacement curves is considerably higher. 
This can be at least partly explained by the relatively poor workability of this material in fresh 
state, likely causing non-uniform fiber distribution. It may be assumed that in a considerable 
number of specimens, the notches coincided with regions of high fiber concentration. The 
average matrix cracking stress of notched M1-PE specimens is 5 MPa, and the average peak 
crack bridging stress is 10.6 MPa, which is extremely high if compared to the strength 
parameters measured on long unnotched specimens: 2.4 MPa for first crack stress and 
3.6 MPa for tensile strength (for M1-PE no short unnotched specimens were tested). It should 
be noticed in respect to Figures 4.34 and 4.35 that, due to the sufficiently high crack bridging 
capacity, further matrix cracking occurred outside the notched cross-section. The M1-PE-SN 
specimens showed a complete fiber pullout, which can be also deduced from the descending 
branches of the corresponding curves in Figure 4.34. This resulted in the highest average 
specific fracture energy among the tested SHCC. 
Table 4.10. Average values of the mechanical properties of the investigated SHCC obtained 
from quasi-static tension experiments on short notched (SN) specimens; standard deviations 
are given in parentheses. 
SHCC type and specimen geometry M1-PVA-SN M1-PE-SN M2-PE-SN 
First crack stress [MPa] 5.2 (0.7) 5.0 (1.2) 7.0 (2.1) 
Peak-crack bridging stress [MPa] 7.8 (1.1) 10.6 (2.9) 17.1 (3.0) 
Specific fracture energy [kJ/m2] 5.4 (0.4) 16.9 (6.1) 10.3 (2.8) 
Similar to M1-PE-SN, the notched M2-PE samples yielded higher average first crack stress of 
7.0 MPa and peak crack bridging stress of 17.1 MPa compared to the short unnotched 
specimens, which yielded 3.8 MPa and 8.5 MPa, respectively, see Tables 4.9 and 4.10. 
Figures 4.34 and 4.35 show that M2-PE-SN, same as the M1-PE-SN specimens, exhibited 
multiple cracking despite the notches. The multiple cracking extended over a short zone, 
considerably smaller than half the fiber length, as opposed to the notched specimens described 
in Section 4.2. This is presumably an additional factor leading to an enhanced crack bridging 
capacity, since a pronounced multiple cracking next to the failure localization crack leads to 
the fact that the fibers bridge multiple cracks simultaneously, which reduces their effective 
embedment length. 
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4.3.4.4 Dynamic tensile strength of the non-reinforced cementitious matrices 
The dynamic tensile strength of the matrices under investigation was measured on the long 
cylindrical specimens (50 mm), i.e., the same geometry as used in the quasi-static tests. The 
loading of the specimens in the split Hopkinson bar occurs through a longitudinal tensile 
wave of trapezoidal shape with a specific duration, amplitude and rise time; see Section 4.3.3. 
Due to the brittle nature of the cementitious matrices, the specimens’ failure occurred in the 
initial, rising phase of the loading wave already, i.e., under increasing strain rates; see Figure 
4.36. Hence, it is also meaningful to mention that the loading rate was 650 GPa/s, for 
facilitating an eventual comparison to other works on the dynamic behavior of concrete. Due 
to the high accelerations in this loading phase the measured strength values are not 
representative of the real dynamic strength but only of an apparent strength, which includes 
not only the material rate effects but also the effects of structural inertia. Note that due to the 
relatively big specimen length and the short duration of the experiments it is questionable 
whether a satisfactory stress equilibrium in the specimens was reached. The comparison of the 
peak stress values resulted from Eqs. 4.12 and 4.16 yields non-negligible differences. For this 
reason, the stresses were computed using Eq. 4.10, i.e., by averaging the stresses measured at 
both ends of the specimen. 
Figure 4.36 shows the stress-strain curves for both matrices obtained from the impact 
experiments, while Table 4.11 summarizes the average values of their apparent dynamic 
tensile strength and the corresponding Dynamic Increase Factors (DIFs). In contrast to the 
results obtained from quasi-static tests, the dynamic tensile strength of the normal-strength 
matrix M1 is higher than that of high-strength matrix M2, 16.2 MPa vs. 12.6 MPa, a result of 
M1’s higher strain rate sensitivity. The DIF of M1 is 5.8 while that of M2 is just 3.7; see 
Table 4.11. 
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Figure 4.36. Stress-strain (continuous) and strain rate-strain (dashed) curves obtained from 
high-speed tension tests on long M1 and M2 specimens. 
Table 4.11. Dynamic tensile strength and the Dynamic Increase Factors of the investigated 
matrices obtained on long specimens. 
Matrix type and specimen geometry M1-L M2-L 
Apparent dynamic tensile strength [MPa] 16.2 (0.9) 12.6 (3.6) 
Dynamic Increase Factor (DIF) 5.8 3.7 
The influence of loading rate on the tensile strength of concrete, mortar or cement paste 
depends on crack extension characteristics and energy absorption during the pre-peak fracture 
process (Reinhardt and Weerheijm 1991). Under high loading rates, a higher fracture 
toughness leads to reduced crack propagation velocity, i.e., limited damage extension rate 
(Curbach and Eibl 1990), and to higher inertia forces activated around the fracture zone in the 
pre-peak response (Vegt and Weerheijm 2015), both leading to a more accentuated increase in 
tensile strength under increasing loading rates. The difference in the strain rate sensitivities of 
the two matrices is caused mainly by their different morphologies. M1 contains a relatively 
high dosage of quartz sand, which should have a beneficial effect on its fracture toughness, 
the grain size of quartz sand being considerably larger in comparison to other matrix 
components, i.e., cement and fly ash and particularly in comparison to their hydration 
products; see Figure 4.39. In the case of M2, the high cement content, the addition of silica 
fume and the reduced content of quartz sand lead to a more homogenous microstructure and, 
subsequently, to higher brittleness. 
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Another factor increasing the strain rate sensitivity of cement-based matrices is the viscous 
effect of the free water in the capillary pores, meaning that wet concretes yield higher strain 
rate sensitivity than dry concretes do (Rossi et al. 1994; Cadoni et al. 2001). This might be 
relevant to the current study because of the specimen production technique. During the wet 
core drilling, the drilled matrix and SHCC prisms were continuously flushed with water to 
avoid overheating and to ensure drainage of the sludge. Considering the lower density and 
higher capillary suction of M1 (Schröfl et al. 2015), arising in the first place out of its higher 
water-to-binder ratio in comparison to M2, it may be assumed that the moisture content of the 
M1 specimens at testing was higher than that of the M2 cylinders. However, according to 
some experimental and numerical studies, this effect is mainly considerable under moderate 
dynamic strain rates (Brara and Klepaczko 2007; Häußler-Combe and Kühn 2012). 
4.3.4.5 Dynamic tension experiments on long SHCC specimens 
To clarify some important phenomena observed in the high-speed experiments on SHCC, 
Figure 4.37a presents the signals measured on the input and output bars of the MHB during a 
test on a M1-PE-L specimen. The first part of the blue curve up to the descending branch 
indicates the incident (loading) wave, which was measured by the input strain gauge; see 
Figure 4.31. The second part of this curve, starting with the descending branch and continuing 
with forces below 4 kN, represents the sum of the incident tension wave εI and the reflected 
compression wave εR, i.e., the tension force at the interface between the specimen and the 
input bar. The red curve corresponds to the transmitted wave measured in the output bar. In 
Figure 4.37b are depicted the force versus time curves obtained by using Eqs. 4.6 and 4.7. 
The blue dotted curve indicates the load recorded in the input bar, which is the sum of the 
incident tension wave and of the compression wave reflected from the specimen. The red 
dashed curve corresponds to the load caused by the transmitted wave and measured in the 
output bar, while the black continuous curve represents the average of the loads in 
correspondence of the interfaces between specimen and input and output bars, respectively. 
The force-time curves in Figure 4.37b show initial peaks, which are noticeably higher than the 
forces associated to subsequent deformations and multiple cracking in the specimen. This 
stronger initial response is a result of the structural inertia caused by the increasing strain rates 
in the initial loading phase. For an accurate measurement of the first crack stress, the effect of 
inertia, which can be quantified with the help of numerical simulations, should be reduced by 
adjusting the loading wave. Furthermore, it can be observed in Figure 4.37b that the initial 
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stress peaks measured in the input and output bars do not coincide, indicating that no stress 
equilibrium was reached in the specimen prior to cracking. Stress equilibrium was reached 
after the initial crack formation, as it is indicated by the overlapping of the blue and red 
curves after approximately 0.07 milliseconds. The difference between the waves recorded in 
the input and output bars in the time between 0.07 and 0.13 milliseconds, as shown in Figure 
4.37b, originates from the unloading wave caused by the first crack formation. 
 
 
Figure 4.37. a) Input (incident + reflected) and transmitted waves recorded during a tension 
experiment on a M1-PE-L specimen; b) force versus time curves measured at the input bar-
specimen interface, at the specimen-output bar interface and averaged load. 
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Because no stress equilibrium was reached in the initial loading phase in the SHCC 
specimens, the apparent “first-crack stresses” in Table 4.12 were calculated considering the 
averaged forces at both specimens’ ends using Eq. 4.10. The subsequent stress-time histories 
were derived from the transmitted waves according to Eq. 4.12, this being allowed by the 
stress equilibrium reached in the specimens after the first crack formation; see Figure 4.37b. 
The dynamic stress-strain curves of all SHCC under investigation are presented in Figure 4.38 
and they correspond to the transmitted waves. The target displacement rate (flat phase of the 
input wave) in the performed experiments was 6 m/s, corresponding to strain rates of 120 s-1. 
However, the effective strain rates varied between 90 and 120 s-1, as shown in Figure 4.38. 
Note that the effective strain rates depend not only on the characteristics of the loading pulse 
but also on the properties of the tested material. 
 
Figure 4.38. Stress-strain curves and representative strain rate-strain curves (dashed) obtained 
from high-speed tension tests on long unnotched SHCC specimens; note the different strain 
axes’ limits. 
The initial stress peaks of the SHCC stress-strain curves will be considered as first-crack 
stresses in the subsequent discussion. The identical specimen geometry and loading 
conditions facilitate the comparison of the apparent dynamic tensile strength of the non-
reinforced matrices with the first-crack stresses measured on long SHCC samples. The initial 
peak stresses measured on SHCC consisting of the normal-strength matrix M1 are lower than 
the dynamic tensile strength of the non-reinforced matrix itself; see Tables 4.11 and 4.12. The 
average dynamic tensile strength of the matrix M1 is 16.2 MPa and the initial peak stresses of 
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M1-PVA-L and M1-PE-L are 13.8 MPa and 15.3 MPa, respectively. At the same time the 
average initial peak stress of M2-PE-L is higher than the apparent dynamic tensile strength of 
M2, 14.5 MPa vs. 12.6 MPa, contrary to the results obtained under quasi-static conditions. 
Obviously, the strain rate sensitivity of the composite cracking strength depends not only on 
the properties of the matrix but also on the reinforcing fibers and on the interfacial bond 
strength, as also observed by Cadoni and Forni (2016) and Fenu et al. (2016), which can vary 
significantly under different loading rates depending on fiber type; see also the discussion at 
the end of this section. 
Because of the production technique’s use of core drilling, the specimens had rough lateral 
surfaces with closely-packed, protruding fiber tips. This reduced considerably the visibility of 
the fine cracks on the specimens’ surfaces. For proper crack analysis, longitudinal polished 
sections were prepared from the tested specimens. In preparing the polished sections, the 
samples were first embedded in epoxy resin, which filled the cracks and bound the internal 
structure of the specimens. This enabled a clean cutting process without inducing further 
damage. Figure 4.39 presents two polished longitudinal sections from a M1-PVA-L and a 
M2-PE-L specimen, both tested in the split Hopkinson tension bar, as observed under the light 
microscope with a 20x magnification. The images clearly show the different morphologies of 
the cementitious matrices M1 and M2, the first having a significantly higher content of quartz 
sand. 
 
Figure 4.39. Polished longitudinal sections from a) M1-PVA-L specimen and b) M2-PE-L 
specimen, both tested in the MHB; cracks are traced with black lines for better visibility. 
After the initial loading phase, the specimens were subjected to relatively constant strain 
rates; see Figure 4.38. Under these conditions the structural inertia is negligible and the peak 
crack bridging stresses measured can be considered as the true dynamic tensile strength of 
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SHCC. The stress oscillations observed in Figure 4.38 are caused by the damage induced in 
the deforming specimens, crack formations in the first place, but possibly also other 
phenomena, such as fiber dislocations. 
Table 4.12 summarizes the average values of the dynamic tensile strength of the SHCC tested 
and Table 4.13 shows the corresponding DIFs. M1-PVA-L yielded the lowest average tensile 
strength of just 6.4 MPa (DIF = 1.7). Only one M1-PVA-L specimen showed strain-hardening 
and multiple cracking (curve marked with an arrow); the other two specimens exhibited 
strain-softening. Interestingly, the specimen that yielded strain-hardening failed at the glue 
connection with the input bar without reaching failure localization. The change of the failure 
mode of M1-PVA when subjected to high-speed tensile loading was reported before in 
Mechtcherine et al. (2011a, 2011b and 2012) and is cofirmed in this investigation. The failed 
specimens developed few cracks in the vicinity of the fracture zone, while the fracture 
surfaces showed a complete fiber pullout; see Figure 4.40.  
 
Figure 4.40. Failure modes of M1-PVA-L under a) quasi-static loading and b) impact 
loading; specimen diameter is 20 mm. 
Figure 4.41 shows two ESEM images of PVA fibers captured on the fracture surfaces of two 
M1-PVA specimens tested quasi-statically and under impact loading, respectively. The 
ruptured fiber corresponding to the quasi-statically tested specimen shows a pronounced 
surface damage in form of pilling and scratching, while closer to the fiber root hydration 
products attached to the fiber can be observed, indicating a partial cohesive failure during the 
initial debonding phase. On contrary, the surface of the pulled out fiber in the dynamically 
a)   M1-PVA-L-QS b)   M1-PVA-L-DYN 
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tested specimen is relatively smooth, with no pronounced surface damage and with no 
attached hydration products. 
 
Figure 4.41. ESEM images of PVA fibers captured on the fracture surfaces of M1-PVA-L 
tested in a) quasi-static and b) dynamic regimes. 
The average tensile strength of M1-PE-L is 9.9 MPa, with a DIF of 2.8, yielding the highest 
increase among the tested SHCC. Such an enhancement of the crack bridging capacity 
indicates a pronounced increase in interfacial bond strength. This is in good agreement with 
the single-fiber pullout investigations presented in Chapter 5, in which the frictional 
interaction between the HDPE fibers and the normal-strength matrix M1 was shown to be the 
most strain rate sensitive among the other fiber-matrix combinations. Obviously, this 
contradicts the results reported by Yang and Li (2014 and 2012), in which the frictional fiber-
matrix interaction was less strain rate sensitive than the chemical one. In the case of M1-PE it 
may be assumed that the snubbing effect had a positive influence on the tensile strength, 
considering the pronounced increase of the tensile strength of the matrix and the still 
sufficiently high tensile strength of the HDPE fibers. Since the M1-PE-L specimens formed 
diagonal fracture localization planes, this phenomenon could also have a positive effect on the 
nominal strength. The pronounced enhancement of the interfacial bond strength had a 
beneficial influence on the dynamic strain capacity of M1-PE-L as well. Due to considerable 
enhancement of the fiber-matrix interaction, the average ultimate strain of M1-PE-L increased 
from 1.7% under quasi-static loading to 3.3% under dynamic loading. The high-speed video 
recordings and the subsequent analysis of the specimens showed a remarkable multiple 
cracking confirmed later by the investigations on polishes sections.  
Figure 4.42 presents two polished sections of the M1-PE-L specimens tested under quasi-
static conditions and high-speed loading, respectively. The images show clearly the positive 
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effect of the high strain rate on the multiple cracking of M1-PE. Note that the contour of the 
cracks show actually the infiltration depth of the epoxy resin in the matrix; the real cracks are 
much narrower. This is also a demonstration of the permeability of the normal-strength 
cementitious matrix M1. No resin penetration into the high-strength matrix M2 could be 
observed; see Figure 4.43. 
 
Figure 4.42. Effect of strain rate on the multiple cracking capacity of M1-PE: a) specimen 
tested in the quasi-static regime and b) specimen tested under tensile impact loading. 
 
Figure 4.43. Effect of strain rate on the multiple cracking of M2-PE: a) specimen tested in the 
quasi-static regime and b) specimen tested under tensile impact loading; cracks are traced 
with white lines to improve visibility. 
M2-PE-L developed the highest average tensile strength of 12.4 MPa, but with a DIF of just 
1.9. The average ultimate strain deduced from the stress-strain curves is 1.2% only, which 
means a triple reduction in comparison to the corresponding average value of 3.6% obtained 
in quasi-static tests. This can be traced back to considerably less pronounced multiple 
a)   M1-PE-L-QS b)   M1-PE-L-DYN 
a)   M2-PE-L-QS b)   M2-PE-L-DYN 
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cracking as observed in the high-speed video recordings and the optical analysis of polished 
sections; see Figure 4.43. 
The fracture surfaces of the M2-PE-L specimens tested in the split Hopkinson tension bar 
showed significantly more pronounced fiber rupture when compared to those tested in the 
quasi-static regime. The increase in fiber-matrix bond strength due to dynamic loading 
eclipses the corresponding increase in fiber tensile strength. While the HDPE fibers in the 
high-strength matrix M2 are properly utilized under quasi-static conditions, bond strength 
being sufficiently high, the excessive increase in the bond strength at high strain rate leads to 
premature fiber rupture during crack opening and, consequently, to reduced ductility. 
Table 4.12. Dynamic mechanical properties of the SHCC obtained on long specimens; 
average values; standard deviations are given in parentheses. 
SHCC type and specimen geometry M1-PVA-L M1-PE-L M2-PE-L 
Apparent first crack stress [MPa] 13.8 (4.2) 15.3 (1.2) 14.2 (2.4) 
Peak crack bridging stress [MPa] 6.4 (2.6) 9.9 (1.7) 12.4 (2.6) 
Ultimate strain [%] 1.6 (0.9) 3.3 (1.2) 1.2 (0.3) 
Average crack spacing [mm] 11.0 (6.5) 3.3 (0.3) 4.4 (1.1) 
Work-to-fracture (up to softening) [kJ/m3] 90.0 (23.8) 283.6 (81.5) 115.3 (39.4) 
Table. 4.13. DIFs of the mechanical parameters for long SHCC specimens. 
SHCC type and specimen geometry M1-PVA-L M1-PE-L M2-PE-L 
DIF of first crack stress 4.6 6.4 4.5 
DIF of peak crack bridging stress 1.7 2.8 1.9 
DIF of ultimate strain 1.1 2.9 0.3 
DIF of work-to-fracture 1.7 5.3 0.6 
Figure 4.44 presents the averaged stress-strain curves of the SHCC obtained both under a 
quasi-static loading regime (continuous lines) and during high-speed tensile tests (dashed 
lines). M1-PVA-L shows the lowest increase in tensile strength and a negative influence of 
high strain rate on the strain capacity when considering the strain-softening behavior of two 
out of three tested specimens. Nevertheless, the average work-to-fracture increased from 
52.7 kJ/m3 to 90.0 kJ/m3. The enhanced tensile behavior of M1-PE-L under dynamic loading 
resulted in a significant increase in the work-to-fracture from 53.5 kJ/m3 (quasi-static) to 
238.6 kJ/m3 (dynamic). M2-PE-L showed a higher tensile strength but a clear decrease in 
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strain capacity. In this case, the average work-to-fracture decreased from 206.5 kJ/m3 to 
115.3 kJ/m3; see Tables 4.12 and 4.13. 
 
Figure 4.44. Average tensile stress-strain curves of the SHCC obtained from quasi-static tests 
(continuous lines) and tension impact experiments (dashed lines). 
As mensioned in Section 4.3.4.4, the strain rate sensitivity of tensile strength of the 
cementitious matrices depends ultimately on their fracture toughness (Curbach and Eibl 1990; 
Reinhardt and Weerheijm 1991; Vegt and Weerheijm 2015). It may be expected that the first-
crack stress of SHCC would yield a higher DIF compared to the DIFs of the matrix tensile 
strength because of the considerable contribution of the fibers to the “cohesiveness” of the 
cracks. However, this is only the case for the SHCC made with HDPE fibers. Note that under 
quasi-static conditions M1-PVA yields higher first-crack stress than the tensile strength of its 
constitutive matrix, this being ensured by the strong fiber-matrix chemical bond and by the 
polymer fibers’ sufficiently high Young’s modulus, while the frictional bond between the 
HDPE fibers and matrix cannot ensure sufficient pre-crack composite action, the fibers being 
activated only after crack formation. 
Under high strain rates, however, the interfacial fiber-matrix bond in M1-PVA seems to 
exhibit a less pronounced dynamic enhancement compared to the other SHCCs but also 
compared to the dynamic increase of PVA fibers’ tensile strength, cf. the state of the fibers on 
the fracture surfaces of M1-PVA; see Figures 4.40 and 4.41. The softening character of M1-
PVA-L is as shown in Figure 4.38. Such a low bond strength at high strain rates does not 
allow the fibers to contribute to the dynamic first-crack stress of M1-PVA relative to the 
dynamic tensile strength of the non-reinforced matrix M1. M1-PE-L yields also a lower 
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dynamic first-crack stress than the dynamic tensile strength of M1, however, it is still higher 
than that of M1-PVA-L, which is in contrast to the proportions observed in the quasi-static 
tests. More than that, it shows the highest dynamic increase among all types of SHCC; see 
Tables 4.11 and 4.13. This seems to be a direct consequence of the strong enhancement of the 
fiber-matrix bond strength with increasing strain rate. However, that the dynamic first-crack 
stress of M1-PE-L is lower than the dynamic tensile strength of M1 shows that the 
enhancement of the bond strength at strain rates of 100 s-1 is still not high enough for a 
sufficient pre-crack composite performance. This may be also judged based on the fracture 
surfaces of M1-PE-L, which showed pronounced fiber pullout. Finally, the bond between the 
HDPE fibers and the high-strength matrix M2 becomes excessively strong under high strain 
rates, judging by the pronounced fiber rupture observed on the fracture surfaces of the 
corresponding specimens. Together with the enhanced stiffness of the fibers at high strain 
rates; see Chapter 5, this leads to a pronounced increase in the composite cracking strength, 
making it higher than the dynamic tensile strength of the matrix M2. 
4.3.4.6 Dynamic tension experiments on short unnotched SHCC specimens 
When evaluating the results obtained in this test series, it is to be considered that the strain 
rate in the impact tests on short unnotched specimens was twice as high as that in the impact 
test on the long ones, since they were two times shorter and the loading conditions were the 
same as in the tests on long cylinders. Figure 4.45 shows the stress-strain and strain rate-strain 
curves for the SHCC under investigation, while Table 4.14 summarizes the corresponding 
mechanical properties. 
The results indicate a clear effect of the high strain rate on the pre-crack response of the short 
SHCC specimens compared to that of the longer samples; see Section 4.3.4.5. The average 
first-crack stress of M1-PVA-S is 15.3 MPa, which is higher than values measured on long 
specimens (13.8 MPa). For M2-PE-S the length effect on the first-crack stress was even more 
evident: 19.4 MPa (short) vs. 14.2 MPa (long). The comparison of the responses measured in 
the input and output bars, Eqs. 4.16 and 4.12, respectively, shows that the 25 mm specimens 
reached the dynamic stress equilibrium in the phase of increasing strain rates already, i.e., 
much sooner than the 50 mm samples. 
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Figure 4.45. Tensile stress-strain curves and representative strain rate-strain curves (dashed) 
obtained from high-speed tension tests on short unnotched SHCC samples. 
As opposed to the observations in the quasi-static tests, no difference in the post-cracking 
behavior of the dynamically tested long and short specimens could be detected. The average 
tensile strength of M1-PVA-L was 6.4 MPa, while for M1-PVA-S it was 6.2 MPa; see Tables 
4.12 and 4.14. Similarly, the average tensile strength measured on M2-PE-L was very close to 
that yielded by M2-PE-S, 12.4 MPa and 12.8 MPa, respectively.  
Table 4.14. Dynamic mechanical properties of the SHCC as obtained on short unnotched 
specimens. 
SHCC type and specimen geometry M1-PVA-S M2-PE-S 
Apparent first crack stress [MPa] 15.3 (1.8) 19.4 (4.0) 
Peak crack bridging stress [MPa] 6.2 (1.0) 12.8 (5.2) 
Ultimate strain [%] - 1.5 (0.6) 
Average crack spacing [mm] 8.6 (3.8) 4.7 (1.4) 
Work-to-fracture (up to softening) [kJ/m3] - 140.8 (81.9) 
The average crack spacing of the M2-PE-S specimens (4.7 mm) is again very close to that 
measured on the longer samples (4.4 mm). However, the strain capacity of M2-PE-S was 
1.5%, thus slightly higher in comparison to M2-PE-L (1.2%). The reason for this could be the 
larger crack widths. The work-to-fracture also increased, from 115.3 kJ/m3 to 140.8 kJ/m3. 
The enhancement of both parameters is, however, considerably smaller in comparison to that 
observed under quasi-static testing conditions. 
0
40
80
120
160
200
240
0
4
8
12
16
20
24
0 1 2 3 4
S
tr
a
in
 r
a
te
 [
s-
1
]
S
tr
es
s 
[M
P
a
]
Strain [%]
M1-PVA-S
0
40
80
120
160
200
240
0
4
8
12
16
20
24
0 1 2 3 4
S
tr
a
in
 r
a
te
 [
s-
1
]
S
tr
es
s 
[M
P
a
]
Strain [%]
M2-PE-S
MECHANICAL EXPERIMENTS AT MACRO-SCALE OF INVESTIGATION 
110 
 
Table 4.14. DIFs of the mechanical properties of the SHCC obtained on short unnotched 
specimens. 
SHCC type and specimen geometry M1-PVA-S M2-PE-S 
DIF of first crack stress 4.4 5.1 
DIF of peak crack bridging stress 1.2 1.5 
DIF of ultimate strain - 0.2 
DIF of work-to-fracture - 0.3 
Contrary to the composite first-crack stress, the increase in tensile strength of SHCC due to 
dynamic loading cannot be related to the pre-crack strain rate in the specimen. The strain rate 
at specimen scale depends both on displacement rate and specimen length, being not 
representative of the strain rates in the crack bridging fibers and at the fiber-matrix interfaces. 
Thus, in assessing the strain rate sensitivity of the tensile strength of SHCC, the displacement 
rate or the opening rate of the failure localization crack should be considered instead. Based 
on Figures 4.38 and 4.45 as well as on the high-speed video recordings, it can be generalized 
that M1-PVA shows strain-softening already after the formation of the first crack when 
subjected to tensile impact loading. In this case, the opening speed of the localization crack 
can be approximated with the displacement rate. Since the displacement rates were identical 
for both specimen lengths, no increase in the tensile strength of the short in comparison to 
long specimens should be expected. 
In contrast both sets of M2-PE-L and M2-PE-S specimens developed multiple cracking. 
Generally the strain rates and the crack opening rates in the specimens are attenuated by the 
formation of new cracks, meaning that the crack opening rates of the failure localization 
cracks in the 50 mm and 25 mm long specimens could be different, considering the higher 
number of cracks in M2-PE-L specimens, i.e., similar crack spacing but larger specimen 
length. This aspect will be considered in future investigations, for example, by means of 
photogrammetry, for assessing the effective strain rates in the cracked samples and the crack 
opening rates of the localization cracks. 
4.3.4.7 Dynamic tension experiments on short notched SHCC specimens 
As already discussed in the previous sections, in the impact experiments the specimens are 
subjected to two subsequent loading conditions: the initial stage associated to increasing strain 
rates, while the second stage corresponds to relatively constant strain rates. In the notched 
specimens, matrix cracking occurred under the first loading phase. Additionally to the effect 
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of structural inertia in the initial loading phase, which is most probably different than in the 
unnotched specimens, the accuracy of the measured response is decreased by the additional 
wave reflections at the notches. This results in considerable differences between the stress-
displacement responses measured in the input and output bars. For this reason, the matrix 
cracking stresses will be ignored in this discussion and only the crack bridging behavior of the 
investigated SHCC will be analyzed according to the transmitted waves in the output bar. 
Similar to the quasi-static conditions, the notched specimens showed higher crack bridging 
capacities compared to the unnotched samples. M1-PVA-SN yielded the lowest crack 
bridging capacity with respect to the stress level. However, contrary to the quasi-statically 
loaded specimens, M1-PVA-SN showed the highest specific fracture energy as a result of a 
pronounced fiber pullout. The DIF of the peak crack bridging stress is 1.4, while that of the 
specific fracture energy is 1.6, see Table 4.15. The dynamic increase of the crack bridging 
capacity of M1-PE-SN is 1.4, considerably lower than as identified on unnotched specimens. 
Such a small DIF is caused by the unusually high crack bridging capacity of the notched M1-
PE specimens under quasi-static conditions. The specific fracture energy of M1-PE-SN 
suffered a considerable reduction of more than two times. Compared to the quasi-statically 
loaded specimens, the diagram in Figure 4.46 shows that crack bridging vanishes after a 
displacement of 1 mm. Nevertheless, the optical observations of the fracture surfaces of M1-
PE show no obvious changes compared to the samples tested quasi-statically. As already 
observed on unnotched specimens, the failure mode of the high-strength SHCC M2-PE shifts 
towards a more pronounced fiber rupture. The failure surfaces of M2-PE-SN show just a few, 
very short protruding fibers. The dominating failure of the crack bridging fibers can be also 
deduced from the corresponding diagram in Figure 4.46. Compared to the other SHCC types, 
crack bridging of M2-PE-SN vanishes already at a crack opening of 0.15 mm. Interestingly, 
the dynamic peak crack bridging capacity of M2-PE-SN is lower than under quasi-static 
conditions (DIF = 0.8) and also lower than the peak crack bridging stress of M1-PE-SN. The 
reason behind this decreased crack bridging capacity should be further investigated, but it 
could be presumably related to the condition of dynamic stress equilibrium. 
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Figure 4.46. Stress-displacement and displacement rate-displacement curves (dashed) 
obtained in high-speed experiments on short notched (SN) SHCC samples; note different 
displacement axes’ limits. 
Same as under quasi-static loading, both types of SHCC made with HDPE fibers formed 
additional cracks in the notch regions, which resulted in stress oscillations. These oscillations 
are obvious on the curves of M1-PE-SN and their wavelength is comparable to the 
displacement at which the notched M2-PE specimens failed. 
Table 4.15. Dynamic mechanical properties of the investigated SHCC obtained on long-
notched (SN) specimens and the corresponding DIFs; standard deviations are given in 
parentheses. 
SHCC type and specimen geometry M1-PVA-SN M1-PE-SN M2-PE-SN 
Peak crack bridging stress [MPa] 10.2 (1.8) 14.6 (2.5) 13.5 (1.8) 
Specific fracture energy [kJ/m2] 8.7 (2.2) 6.2 (2.6) 1.3 (0.2) 
DIF of peak crack bridging stress 1.4 1.4 0.8 
DIF of specific fracture energy 1.6 0.37 0.1 
The results presented in this section are contradicting the findings on notched specimens in 
the previous investigations in spall experiments. Despite the identical failure modes in the 
tested specimens, according to the previous investigations M2-PE had the highest specific 
fracture energy, followed by M1-PE and finally by M1-PVA; see Section 4.2. Furthermore, 
the values for specific fracture energy assessed in spall experiments on notched samples are 
extremely high: 38.4 kJ/m2 for M1-PE and 55.8 kJ/m2 for M2-PE. One of the possible reasons 
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for this is the more pronounced multiple cracking developed in the notch region of the larger 
specimens tested in the spall setup. However, it is important to note that in the spall 
experiments the response of the specimens could not be described in terms of stress-strain or 
stress-displacement relationships. The specific fracture energy was derived from the impulse 
transfer from one fragment to another during the spalling process; see Schuler et al. (2006) for 
the evaluation method. The fracture energy is the energy dissipated between two moments in 
time which are: time where crack initiation starts and time where crack is completely open. 
The velocities of the fragments at crack initiation were computed analytically, while the 
velocities of the fragments during their separation were measured with a high-speed optical 
extensometer. The question is whether the exact moment of fragments separation can be 
accurately defined without a stress-time history, considering the different crack bridging 
behavior of the tested SHCC and the multiple cracking developed in the fracture zones. The 
applicability of the evaluation protocols in the spall experiments on quasi-ductile cementitious 
composites still should be validated, for example with the help of numerical simulations. 
Since the specific fracture energies presented in the current section are based on a direct 
evaluation method, they are considered to be more reliable. 
The results obtained on notched specimens in the current investigation demonstrate that the 
softening behavior of SHCC is not representative for their energy dissipation capacity in the 
strain-hardening phase. Thus, the information obtained on notched specimens serves rather 
for highlighting the influence of increasing strain rates on the single-crack behavior and for a 
quantitative description of the failure modes. 
4.3.5 Summary and outlook 
With the help of the split Hopkinson tension bar, loading rates of 650 GPa/s and displacement 
rates of 6 m/s were achieved. The experiments were performed on specimens of two different 
lengths, depending on which the strain rates in the dynamic experiments were approximately 
100 s-1 and 200 s-1. Both notched and unnotched cylinders were used. The main findings from 
the presented experimental investigation can be summarized as follows: 
- A more homogeneous micro-structure of the high-strength matrix leads to higher brittleness 
and to reduced strain rate sensitivity in comparison to the normal-strength matrix. 
Consequently, at high loading rates of 650 GPa/s the tensile strength of the normal-strength 
matrix was higher than that of the high-strength matrix. 
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- The first-crack stress of SHCC under impact loading depends not only on tensile strength 
and the strain rate sensitivity of the constitutive cementitious matrix, but also on the strength 
and strain rate sensitivity of the fiber-matrix interface. 
- The strain rate sensitivity of the fiber-matrix interface depends strongly on the fiber type and 
matrix composition. 
- When subjected to high strain rates, the strong chemical bond between PVA fibers and the 
normal-strength cementitious matrix suffers a peculiar alteration, leading to a reduced 
dynamic composite cracking strength and to a strain-softening behavior of the composite. 
- Contrarily, while the frictional bond between the HDPE fibers and the normal-strength 
matrix is very weak under quasi-static conditions, it yields a pronounced enhancement when 
subjected to high strain rates. This leads to a considerable increase in composite cracking 
strength and to a significantly improved multiple cracking in comparison to its behavior under 
quasi-static loading. 
- The enhancement of the frictional bond between the HDPE fibers and high-strength matrix 
at high strain rates leads to a pronounced increase in composite cracking strength on one 
hand, but to a considerable reduction in the strain capacity on the other. This can be traced 
back to the fact that the interfacial bond in this SHCC is sufficiently strong already in the 
quasi-static regime, a further increase of its strength leads to excessive fiber rupture, since the 
increase in fiber strength with increasing loading rate is less pronounced than the increase in 
bond strength. 
- As opposed to PVA fibers, HDPE fibers ensure a predictable evolution of bond strength 
under increasing strain rates. This enables a straightforward material design of impact 
resistant SHCC simply by adjusting the matrix composition. 
- In quasi-static tension tests the effect of the boundary conditions was significant and it led to 
a superior tensile behavior measured on shorter specimens (25 mm) compared to the longer 
ones (50 mm). One probable reason is specimen misalignment and stress concentrations, 
which are likely amplified by the length of the specimen. 
- High-speed experiments on SHCC specimens of two different lengths showed that the term 
strain rate is only relevant to first-crack stress. The dynamic tensile strength of SHCC or its 
maximum crack bridging capacity should be related to the displacement rate or to the crack 
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opening rate (average of all cracks before the localization or that of the failure crack after the 
localization). 
- The possibility of measuring the stress-time and deformation-time histories accurately in the 
high-speed tension experiments, as well as the quasi-ductility of SHCC facilitated an explicit 
demonstration of the strong contribution of the structural inertia to the measured response of 
the tested materials. 
- The stress-deformation time histories measured in impact experiments on notched 
specimens showed that the specific fracture energy of the high-strength SHCC M2-PE is the 
lowest among the investigated SHCC due to the pronounced fiber rupture, while M1-PVA 
yielded the highest specific fracture energy as a result of a complete fiber pullout.  
- The results on notched specimens in the split Hopkinson tension bar contradict the findings 
in Section 4.2 based on spall experiments, indicating that the applicability of the spall testing 
method to SHCC should be verified, for example with the help of numerical simulations. 
For a complete explanation of the failure modes of various SHCC under impact loading, the 
tensile constitutive laws of the implied fibers need to be determined at high strain rates. Also, 
the fiber-matrix interfacial properties under high displacement rates should be described based 
on single-fiber pullout tests. 
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5 MICROMECHANICAL INVESTIGATIONS 
In the current chapter the mechanical properties and the strain rate sensitivity in the range of 
low strain rates are presented for the principal constitutive phases of SHCC. Non-reinforced, 
miniature matrix specimens were tested in tension under increasing strain rates up to 1 s-1. 
Furthermore, tension tests on single PVA and HDPE fibers were performed for quantifying 
their different tensile behavior and strain rate sensitivities at strain rates of up to 10 s-1. 
Similarly, single-fiber pullout tests were performed under different displacement rates on 
three fiber-matrix combinations corresponding to the SHCC compositions investigated in this 
thesis. The maximum displacement rates were 50 mm/s. 
5.1 Specimen production 
The mixing procedures for the matrix materials were identical as for the corresponding types 
of SHCC as given in Annex B, except for the steps related to fiber addition. The fresh 
cementitious pastes for tension experiments on matrix specimens and for the pullout 
specimens were casted in special plastic molds on a vibrating table for facilitating the release 
of entrapped air. The same curing conditions as for the composite samples were applied. The 
testing age was 14 days. The mold for the miniature matrix specimens and the specimens’ 
dimensions are presented in Figure 5.1. 
  
Figure 5.1. a) Mold for miniature matrix specimens and b) specimen dimensions. 
The mold for single-fiber pullout specimens consisted of several long plastic plates bolted 
together; see Figure 5.2. The assembled plates form a long channel having the width equal to 
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the intended embedded length. The fibers are fixed transversely with 10 mm spacing over the 
channel in such a way that they bridge it. After fixation of the fibers, they are covered on both 
sides with top plates without covering the channel. The channel with equally spaced bridging 
fibers is then filled with fresh matrix material. Demolding involved the extraction of a long 
matrix beam with protruding, equally spaced fibers on both sides. The beam was cut between 
neighboring fibers with a thin saw disc for having distinct specimens with approximate 
dimensions perpendicular to the fiber of 6 mm by 6 mm. The fibers were cut on one face of 
the specimen and the spot was covered with wax, since this face was then glued to a support 
bolt and fixed on the force sensor as shown schematically in Figure 5.4c.  
 
Figure 5.2. Mold for single-fiber pullout specimens. 
5.2 Testing setup for micromechanical experiments 
An amplified piezoelectric actuator APA 1000XL produced by Cedrat Technologies was used 
for performing the micromechanical experiments at displacement rates ranging from 
0.005 mm/s to 50 mm/s, while the maximum sampling rate ensured by the auxiliary 
equipment is 100,000 samples per second. The testing frame is presented in Figure 5.3, 
consisting of a stack of piezoelectric crystals clamped in a steel frame. When electric current 
is supplied to the crystals, they expand, leading to an amplified transversal (vertical) 
contraction of the frame; see red arrows in Figure 5.3. The frame is fixed at the top side to a 
vertically adjustable support, while the motion of the bottom side is used for loading the 
specimens in tension. The expansion of the crystals is measured by a series of strain gauges, 
as shown in Figure 5.3. The maximum expansion of the crystals ensures a stroke of the frame 
(maximum displacement) of 1.1 mm. 
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Figure 5.3. Piezoelectrically actuated testing setup. 
The frame has a stiffness of approximately 0.7 N/µm, which, for a force of 1 N, corresponds 
to a deformation of 0.0014 mm. This stiffness is sufficient for the single-fiber pullout and 
tension experiments where the maximum forces were below 2.5 N. In the case of the matrix 
specimens, the resisted forces were significantly higher, reaching values of 100 N. In this case 
the influence of frame’s stiffness is considerable and the effective strains in the specimens 
were estimated based on the loading rate. 
The matrix specimens were first glued outside of the setup to steel bolts using a specially built 
frame, which ensured axial alignment of the specimens. Subsequently, one bolt with the 
specimen was screwed into the force sensor and the upper end of the specimen was glued to 
another bolt, which was already fixed in the testing frame. This was done by lowering the 
frame towards the specimen. A bi-component X60 glue supplied by HBM (Hottinger Baldwin 
Messtechnik GmbH) was used for this purpose, which allowed testing after 10 minutes of 
hardening. The Kistler 9311B force sensor used for the tension experiments on matrix 
specimens was capable of measuring forces in the range of ± 5000 N. 
loading frame 
specimen 
force sensor 
piezoelectric crystals 
support 
strain gauges 
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Figure 5.4. Testing setups for: a) matrix in tension, b) fiber in tension and c) fiber pullout. 
The matrix specimens for pullout experiments were first glued on bolts and then fixed in the 
force sensor, while the fibers were glued to a thin metal plate attached to the testing frame. In 
the single-fiber tension and pullout experiments the free length of the fibers was 5 mm. The 
fibers were glued to the steel plates using the same X60 glue. For the single-fiber pullout and 
tension experiments a more sensitive force sensor Kistler 9205 was used with a capacity of 
± 50 N. 
5.3 Results and discussion 
5.3.1 Strain rate effect on the tensile strength of non-reinforced cementitious matrices 
The results of the tension experiments on the cementitious matrices are shown in Figures 5.5 
and 5.6. The target displacement rates given as input to the piezoelectric actuator were 0.005, 
0.5, 5 and 50 mm/s. As mentioned in Section 5.2, the effective strain rates in the specimens 
cannot be calculated according to the input displacement rates. One reason for this is the 
brittleness of the cementitious matrices, which causes their failure before the frame can reach 
the maximum displacement rate. Another important reason is related to the insufficient 
stiffness of the frame relative to the tensile response of the matrix specimens, which results in 
lower effective displacement rates compared to that imposed by the expanding piezoelectric 
crystals. Due to this, the strains in the miniature matrix specimens were calculated based on 
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the stress-rate as deduced from the force-time history considering the Young’s moduli of the 
matrices 
̇ =
?̇?
𝐸
 (5.1) 
The effective strain rates were considerably lower than as expected from the input 
displacement rates. The strain rates were ranging from 2.9∙10-6 to 0.11 s-1 for M1 and from 
2.7∙10-6 to 0.07 s-1 for M2. Note that the Young’s moduli of the cementitious matrices were 
approximated based on the stiffness of the corresponding SHCC. The value corresponding to 
M1 of 16.5 GPa was calculated as the average of M1-PE given in Section 4.2 and of the 
Young’s modulus of M1-PVA given by Mechtcherine et al. (2011a). The value for M2 was 
taken equal to that of M2-PE, namely 29 GPa. 
In Figure 5.5, because of the variation of the effective strain rates and because of the 
considerable scatter of the measured tensile strength values, each experimental result is 
represented individually. Nevertheless, the effective strain rates can be still separated in four 
distinct groups. The averaged values for tensile strength and effective strain rates are given in 
Table 5.1. 
 
Figure 5.5. Tensile strength values and the corresponding strain rates measured in uniaxial 
tension experiments on miniature matrix specimens made of: a) M1 and b) M2. 
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The DIF-strain rate diagram for the averaged values is presented in Figure 5.6, showing 
clearly that the normal-strength matrix M1 has a higher strain rate sensitivity than the high-
strength matrix M2 also in the range of low strain rates. 
 
Figure 5.6. Dynamic Increase Factors as a function of strain rate corresponding to non-
reinforced matrices M1 and M2; equations describe the trendlines. 
Table 5.1. Average tensile strength values, average strain rates and the corresponding DIFs 
measured in tension tests on non-reinforced matrix specimens; standard deviations are given 
in parentheses. 
M1 
Average strain rate [s-1] 7.9∙10-6 7.4∙10-4 9.2∙10-3 8.6∙10-2 
Tensile strength [MPa] 2.1 (0.7) 3.6 (1.4) 4.5 (1.2) 4.8 (0.9) 
DIF tensile strength - 1.7 2.1 2.3 
M2 
Average strain rate [s-1] 5.6∙10-6 5.5∙10-4 5.4∙10-3 4.1∙10-2 
Tensile strength [MPa] 5.4 (1.6) 7.8 (1.6) 8.5 (1.8) 9.1 (2.9) 
DIF tensile strength - 1.5 1.6 1.7 
Note that the average tensile strength of M1 as measured on miniature specimens at the 
lowest strain rates is lower than that measured on cylindrical specimens as presented in 
Section 4.3. On contrary, the tensile strength of M2 is considerably higher; see Table 4.28 in 
Section 4.3.4.1. There are several factors which could influence the tensile strength in these 
investigations, such as specimen size, production technique, content of pores and, in the case 
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of M2, unhydrated clumps of cement and silica fume. For their differentiation and 
quantification further investigations are necessary. 
Based on the investigation on miniature matrix specimens, a similar strain rate sensitivity of 
the first crack stress of M1-PVA and M1-PE could be expected. Nonetheless, as shown in 
Section 4.1, the normal-strength SHCC made with PVA fibers (M1-PVA) yielded the highest 
strain rate sensitivity of the first crack stress, while the SHCC made with HDPE fibers, M1-
PE and M2-PE, showed similar dynamic increase factors of the first crack stress. The reduced 
strain rate sensitivity of the first crack stress of M1-PE compared to M1-PVA indicates on the 
importance of the crack bridging behavior of the fibers on the first crack stress of SHCC and 
on its strain rate sensitivity. 
5.3.2 Strain rate effects on the mechanical properties of the polymer fibers 
The influence of increasing strain rates on the tensile behavior of polymer fibers depends on a 
variety of factors, such as degree of crystallinity (Ayoub et al. 2011), molecular weight, 
physical entanglement, cross-linking, glass transition temperature etc. Considering the 
chemical, micro-structural, but also the geometrical differences between the investigated PVA 
and HDPE fibers, different responses to increasing strain rates can be expected. 
Figures 5.7 and 5.8 present the stress-strain curves obtained from tension tests on single PVA 
and HDPE fibers at strain rates ranging from 0.001 to 10 s-1. The diameters of the fibers were 
considered as 40 µm for PVA and 20 µm for HDPE, without accounting for their inherent 
variation; see Dyneema Fact Sheet (2010). The main difference in the overall performance is 
that PVA fibers exhibit a predominantly linear course in the stress-strain relationships nearly 
up to maximum stress, while the curves for HDPE fibers show pronounced non-linear 
behavior. The average measured tensile strength values at the lowest strain rates are lower 
compared to the tensile strength given by the producers, 1127 MPa vs. 1600 MPa for PVA 
fiber and 2280 MPa vs. 2500 MPa for HDPE fiber. At the same time, the measured ultimate 
strains are considerably higher than those given by the producers, 13.2% vs. 7% for PVA and 
11.7% vs. 3.5% for HDPE; see Tables 3.1 and 5.2. The reduced tensile strength can be traced 
back to the fact that some fibers might have had smaller diameters than assumed, while the 
higher strain capacity is because the deformations of the fibers were not measured directly but 
approximated to the deformation of the frame, which means that the effect of the glue and of 
the intermediate parts between fiber and frame could play a role. Also, the small free length of 
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5 mm of the tested fibers compared to the normally applied free lengths of several centimeters 
could lead to increased fracture strains, since in this case the localized plastic deformations at 
failure might have a measurable contribution to the apparent, overall strain capacity. 
Nevertheless, the measurements at the lowest strain rates show clearly that the HDPE fibers 
are twice stiffer and fail at lower strain values compared to PVA, which is in a qualitative 
agreement with the properties given by the producers. 
The stiffness of the fibers was computed as the secant modulus corresponding to their 
measured tensile strength and failure strain; see Table 5.2. Because of the high apparent strain 
values and because of the non-linear tensile behavior of the polymer fibers, these values 
cannot be considered as Young’s moduli. This approach was chosen because it highlights 
better the influence of the increased strain rate on the fiber stiffness. 
 
 
Figure 5.7. Stress-strain curves of PVA fibers obtained at different displacement velocities. 
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Figure 5.8. Stress-strain curves of HDPE fibers obtained at different displacement velocities. 
As expected, both types of fiber showed strain-rate dependent behavior in terms of tensile 
strength and stiffness, both parameters influencing their crack-bridging behavior. The 
mechanical properties of the fibers under investigation are affected to different extents by the 
increase in loading rate, which is obvious in Figures 5.9 and 5.10. The DIF of the stiffness of 
PVA fiber at the maximum strain rate (DIF = 2.24) is smaller than that of HDPE fiber (DIF = 
2.59). Contrarily, the DIF of tensile strength of PVA fiber is greater (DIF = 1.54) than that of 
HDPE fiber (DIF = 1.33). The combination of these factors leads to a pronounced reduction 
of work-to-fracture in the case of HDPE fiber, while no reduction in the case of PVA could be 
measured. Despite this, the work-to-fracture of HDPE fibers is still higher than of PVA also at 
the highest applied strain rates, thanks to their much higher tensile strength. This, however, 
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might change if the tensile behavior of PVA and HDPE fibers were to be tested at even higher 
strain rates which correspond to real loading conditions in impact tests. 
 
Figure 5.9. Influence of increasing strain rate on the tensile strength of the investigated PVA 
and HDPE fibers; equations describe the trendlines. 
 
Figure 5.10. Influence of increasing strain rates on the stiffness of the investigated PVA and 
HDPE fibers; equations describe the trendlines. 
The equalities of the trendlines approximating the dynamic increase of the fiber tensile 
strength and stiffness will be adopted in the micromechanical model presented in Chapter 6. 
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Table 5.2. Average values for tensile strength, stiffness and ultimate strain of PVA and 
HDPE fibers at different strain rates; standard deviations are given in parentheses. 
Displ. rate [mm/s] 0.005 0.5 5 50 
Strain rate [s-1] 0.001 0.1 1 10 
PVA 
Tensile strength [MPa] 1127 (313) 1537 (286) 1603 (4) 1737 (446) 
Ultimate strain [%] 13.2 (4.6) 11.7 (3.4) 10.5 (4.2) 9.7 (3.9) 
Stiffness [GPa] 8.8 (1.7) 13.5 (2.1) 17.0 (5.7) 19.7 (7.0) 
Work-to-fracture [MJ/m3] 91.4 (51.2) 99.7 (43.9) 99.2 (55.9) 91.3 (46.1) 
DIF tensile strength - 1.36 1.42 1.54 
DIF ultimate strain - 0.89 0.79 0.74 
DIF stiffness - 1.53 1.92 2.24 
DIF work-to-fracture - 1.09 1.09 1.00 
HDPE 
Tensile strength [MPa] 2280 (290) 2725 (225) 2656 (129) 3035 (183) 
Ultimate strain [%] 11.7 (2.3) 8.2 (0.8) 6.6 (1.8) 5.9 (0.5) 
Stiffness [GPa] 20.0 (4.4) 33.4 (5.0) 43.0 (12.5) 51.8 (5.3) 
Work-to-fracture [MJ/m3] 170.3 (53.1) 146.4 (36.7) 115.3 (41.1) 111.8 (16.2) 
DIF tensile strength - 1.2 1.17 1.33 
DIF ultimate strain - 0.7 0.56 0.50 
DIF stiffness - 1.67 2.15 2.59 
DIF work-to-fracture - 0.86 0.68 0.66 
The embrittlement of the high-performance PE fibers with increasing strain rates was reported 
by Govaert and Peijs (1995) and Peijs et al. (1994) at strain rates lower than 1 s-1. Russel et al. 
(2013) showed that both the enhancement in tensile strength and Young’s modulus and the 
reduction of failure strain cease at strain rates already below 1 s-1. Regarding the PVA fibers, 
Wang et al. (2001) reported an enhancement of tensile strength and failure strain but a 
retention of Young’s modulus at high strain rates from 270 to 1500 s-1. Thus, the findings in 
the current section are somehow confirmed by the few published reports on similar fibers. 
However, for an accurate assessment, a comparative investigation of the employed fibers at 
high strain rates is mandatory. 
5.3.3 Influence of increasing displacement rates on the interfacial bond strength 
For each fiber-matrix combination four different embedment lengths were considered from 2 
to 6 mm. Only the pullout curves corresponding to one embedment length for each fiber-
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matrix combination will be presented, since not all of them can offer a reliable 
characterization of the interfacial properties. The strong chemical bond of the PVA fibers in 
the normal-strength cementitious matrix results in dominating fiber rupture in the debonding 
phase already, if embedment lengths above 2 mm are employed. On the other hand, 
embedment lengths lower than 2 mm are technically difficult to realize. For the combination 
M2-PE embedment lengths up to 3 mm can offer good qualitative and quantitative 
characterizations of the pullout behavior but only at low displacement rates, since the 
occurrence of fiber rupture becomes dominant at increasing displacement speeds. On 
contrary, in the case of the combination M1-PE, the extremely weak interfacial bond leads to 
meaningful results (measurable forces) only at embedment lengths of 6 mm and higher. 
The force-displacement curves generated in single-fiber pullout experiments are presented in 
Figures 5.11 to 5.13. It is noticeable that the curves exhibit a considerable scatter. This can be 
traced back to the variation of packing density and flaw size distribution in the matrices, 
which have an amplified effect in this kind of experiments due to the extremely small fiber 
diameters. 
The curves corresponding to M1-PVA in Figure 5.11 show a typical pattern for this fiber-
matrix combination. The initial force drop before pullout denotes that a critical interfacial 
stress intensity was reached (chemical bond strength), followed by an unstable interfacial 
debonding. Based on the magnitude of the initial force drop, the chemical bond 𝐺𝑑 can be 
quantified according to the energy based model (Lin et al. 1999): 
𝐺𝑑 =  
2·𝛥𝑃2
𝜋2·𝐸𝑓·𝑑𝑓
3 (5.2) 
where 𝐸𝑓 is the Young’s modulus of the fiber, 𝑑𝑓is the diameter of the fiber, while 𝛥𝑃 is the 
difference between the debonding force (initial peak force) and the force at which pullout 
starts (immediately after the initial drop). 
Furthermore, the pullout resistance increases with increasing displacement, denoting a slip-
hardening behavior, which was described previously in various works (Lin and Li 1987; 
Kanda et al. 1998b; Boshoff et al. 2009). Slip-hardening is a result of an increasing fiber 
surface damage with increasing slippage distance, causing an artificial confinement of the 
fiber-matrix channel by the stripped fibrils or peeled-off polymer fragments. Such a pullout 
behavior results in a complete fiber rupture at larger displacements (wider crack openings), 
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which explains the state of the fracture surfaces of M1-PVA at low strain rates, as described 
in the previous chapters. 
 
Figure 5.11. Pullout curves of PVA fibers out of the normal-strength matrix M1 obtained at 
different displacement rates of: a) 0.005 mm/s, b) 0.5 mm/s, c) 5 mm/s and d) 50 mm/s; 
embedment length 2 mm. 
Note that the rupture forces in the slip-hardening phase are not necessarily higher than the 
debonding forces, and that higher rupture forces correspond to lower pullout degrees. This is 
because the surface damage suffered by the fibers depends on the extent of slippage; see 
Figure 5.11. 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
F
o
rc
e 
[N
]
Displacement [mm]
a)   M1-PVA 0.005 mm/s
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
F
o
rc
e 
[N
]
Dispalcement [mm]
b)   M1-PVA 0.5 mm/s
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
F
o
rc
e 
[N
]
Displacement [mm]
c)   M1-PVA 5 mm/s
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
F
o
rc
e 
[N
]
Displacement [mm]
d)   M1-PVA 50 mm/s
MICROMECHANICAL INVESTIGATIONS 
130 
 
 
Figure 5.12. Pullout curves of HDPE fibers out of the normal-strength matrix M1 obtained at 
different displacement rates of: a) 0.005 mm/s, b) 0.5 mm/s, c) 5 mm/s and d) 50 mm/s; 
embedment length 6 mm. 
The extremely weak interfacial bond between the HDPE fibers and the normal-strength 
matrix M1 results not only in low pullout resistance despite the 6 mm embedment length but 
also in a pronounced scatter of the pullout curves. It can be also noticed in Figure 5.12 that the 
pattern of the pullout curves corresponding to the higher displacement rates does not exhibit a 
clear transition from the debonding phase to the pullout phase, and that the peak pullout 
forces correspond to relatively large displacements. This kind of slip-hardening pattern could 
not be completely defined, since the limited stroke of the testing setup did not enable a 
complete pullout of the fibers.  
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Figure 5.13. Pullout curves of HDPE fibers out of the high-strength matrix M2 obtained at 
different displacement rates of: a) 0.005 mm/s, b) 0.5 mm/s, c) 5 mm/s and d) 50 mm/s; 
embedment length 2 mm. 
On contrary, the pullout curves corresponding to M2-PE exhibit a clear transition from the 
debonding stage to the pullout phase. However, similarly to the combination M1-PE, the 
pullout curves corresponding to M2-PE show a tendency to slip-hardening with increasing 
displacement rates. 
The chemical bond strength 𝐺𝑑 for the fiber-matrix combination M1-PVA was calculated 
according to Eq. 5.2 for different displacement rates. The Young’s modulus of the fibers was 
adjusted according to the DIFs for stiffness in Table 5.2. The results are summarized in Table 
5.3. Surprisingly, the resulted chemical bond strength has a negative strain rate sensitivity, 
which is different than the results reported by Yang and Li (2014). At the same time, the 
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frictional bond strength yielded a pronounced dynamic enhancement. The frictional bond 
strength in the case of M1-PVA was calculated according to the force at pullout initiation, 
immediately after debonding, according to Eq. 5.3: 
𝜏 =  
𝑃𝑓
𝜋·𝑑𝑓·𝐿𝑒
 (5.3) 
where 𝑃𝑓 is the force immediately after debonding in the case of M1-PVA, or the force at 
pullout initiation in the case of M1-PE and M2-PE, 𝑑𝑓 is the fiber diameter and 𝐿𝑒 is the 
embedment length. Note that such a derivation of the frictional bond strength is based on the 
simplified assumption of uniform stress distribution in the interface along the embedded fiber 
portion. The applicability of Eq. 5.3 becomes negatively affected at larger embedment 
lengths, due to the strong variation of the interfacial stresses along the fiber embedment. This 
can partly explain the reason for lower measured bond strength (as derived with Eq. 5.3) at 
larger embedment lengths (Boshoff et al. 2009). 
Note that Yang and Li (2014) reported a pronounced strain rate sensitivity of the chemical 
bond strength and a moderate dynamic enhancement of the frictional bond strength in a 
similar fiber-matrix combination, the matrix composition being only slightly different. Since 
no pullout curves were presented in the above-mentioned work, it is difficult to judge the 
quantitative differences compared to the results presented in this thesis. It should be, however, 
mentioned that Yang and Li (2014) performed the single-fiber pullout experiments with an 
embedment length of just 0.5 mm, and not 2 mm as in this thesis. This could result in a 
different stress distribution along the interface but also in different stress levels in the fibers. 
The latter are responsible for the transversal contraction of the fibers, which influences the 
debonding process and the apparent bond strength. Thus, this could be also a reason for the 
difference in the measured interfacial properties. Another reason could be the relatively high 
displacement rates achieved in the work at hand, which may imply also inertia effects and 
limit the accuracy of Eqs. 5.2 and 5.3 for the evaluation of bond strength at higher 
displacement rates. 
In Figure 5.11 it can be noticed additionally that the fiber failure stresses increase at higher 
displacement rates. The positive influence of the increasing strain rates on the interfacial bond 
strength of the other investigated fiber-matrix combinations can be observed in Figures 5.12 
and 5.13. 
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Figure 5.14 presents the average values for frictional bond strength together with the standard 
deviations as a function of displacement rate, while Figure 5.15 shows comparatively the 
corresponding dynamic increase factors. 
 
Figure 5.14. Influence of displacement rate on the frictional bond strength of the fiber-matrix 
combinations: a) M1-PVA, b) M1-PE and c) M2-PE. 
At the employed displacement rates, the strain rate sensitivity of the frictional bond strength 
in each fiber-matrix combination is higher than that of the tensile strength of the fibers. This 
might explain the tendency of the failure modes of the investigated SHCC towards more 
pronounced fiber rupture with increasing strain rates in the low rate regime, as mentioned in 
Section 4.1 or by Mechtcherine et al. (2011b) in the case of M1-PVA. Furthermore, the 
difference in strain-rate sensitivities of PVA and HDPE fibers with respect to their tensile 
strength plays an essential role in achieving different fracture modes of SHCC made with 
PVA and HDPE fibers at higher strain rates. Most probably, above certain strain rates, the 
balance between frictional bond strength on the one hand and tensile strength of PVA fiber on 
the other changes in favor of fiber tensile strength, causing pronounced pullout rather than 
fiber failure when M1-PVA is tested in dynamic regime, as shown in Section 4.3 and by 
Mechtcherine et al. (2011a and 2011b). This is different in the case of SHCC reinforced with 
HDPE fiber due to the less accentuated increase in fiber tensile strength and a more 
pronounced increase in Young’s modulus, which limits the transversal contractions of the 
tensioned fibers, thus, having a positive influence on the frictional interfacial stresses. 
The hypothesis regarding the effect of the tensile stress in the fiber on the interfacial 
confinement of the fiber-matrix channel is in good agreement with the single-fiber pullout 
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results shown in Figure 5.15 on M1-PE and M2-PE. Because of the higher stress levels in the 
HDPE fibers pulled out from the high-strength matrix M2, the transversal contractions are 
also higher, if a constant Poisson’s ratio is assumed, in this way leading to a less pronounced 
strain rate sensitivity of the bond strength as calculated according to Eq. 5.3. 
 
Figure 5.15. Dynamic increase factors of the frictional bond strength of the investigated 
fiber-matrix combinations as a function of displacement rate. 
Table 5.3. Average values for chemical and frictional bond strength according to fiber-matrix 
combination at different displacement rates; standard deviations are given in parentheses. 
Displ. rate [mm/s] 0.005 0.5 5 50 
M1-PVA 2 mm embedment 
𝐺𝑑 [J/m
2] 0.72 (0.79) 0.43 (0.37) 0.56 (0.81) 0.18 (0.17) 
DIF Gd - 0.59 0.77 0.25 
Fric. bond strength [MPa] 2.0 (0.4) 2.6 (0.7) 3.2 (0.8) 3.6 (1.1) 
DIF fric. bond strength - 1.3 1.6 1.8 
M1-PE 6 mm embedment 
Fric. bond strength [MPa] 0.25 (0.17) 0.45 (0.33) 0.46 (0.36) 0.60 (0.24) 
DIF fric. bond strength - 1.8 1.8 2.4 
M2-PE 2 mm embedment 
Fric. bond strength [MPa] 2.2 (0.5) 2.6 (0.7) 2.8 (0.8) 3.7 (0.8) 
DIF fric. bond strength - 1.2 1.2 1.7 
y = 0.089ln(x) + 1.441
y = 0.142ln(x) + 1.767
y = 0.064ln(x) + 1.268
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As already mentioned previously, the single-fiber pullout experiments were performed with 
embedment lengths from 2 to 6 mm. In the case of the combinations M1-PVA and M2-PE 
embedment depths higher than 2 mm did not facilitate a reliable assessment of the bond 
strength due to the partial occurrence of fiber rupture in the debonding phase. This condition 
was exploited for evaluating the in-situ tensile strength of the fibers. As presented in 
Figure 5.16 the fibers embedded in cementitious matrix yield a considerably lower tensile 
strength compared to the parameters measured on pristine fibers, the difference being more 
pronounced in the case of PVA. This aspect will be considered in the micromechanical model 
presented in the next section. 
 
Figure 5.16. In-situ tensile strength of the PVA and HDPE fibers in normal-strength matrix 
and high-strength matrices, respectively; results of the pullout tests with different embedment 
lengths; tensile strength of pristine fibers as shown in Section 5.3.2 are given as reference. 
5.4 Summary and conclusions 
Micromechanical experiments were performed for investigating the strain rate sensitivity of 
the mechanical properties of SHCC’s constitutive phases under increasing strain or 
displacement rates. Strain rates of up to 1 s-1 where achieved on miniature matrix specimens, 
of up to 10 s-1 on single fibers and a displacement rate of 50 mm/s in pullout experiments. 
The tensile experiments on non-reinforced miniature matrix specimens showed that both 
matrices exhibit a strain rate dependent tensile strength under low strain rates. Same as under 
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high strain rates, the normal-strength matrix M1 showed a more pronounced strain rate 
sensitivity than the high-strength matrix M2. 
The tensile experiments on single fibers showed that the PVA and HDPE fibers yield not only 
different mechanical properties but also different tensile behavior. Under low strain rates, the 
PVA fibers showed a rather linear stress-strain course up to failure, while the HDPE fibers 
yielded a non-linear tensile behavior. Furthermore, the fibers showed different strain rate 
sensitivities of tensile strength, strain capacity and stiffness. PVA yielded a higher dynamic 
increase in tensile strength in comparison to HDPE. At the same time, HDPE showed a higher 
dynamic increase in stiffness. The more accentuated dynamic increase of HDPE fibers’ 
stiffness is believed to make a significant contribution to the increase of the fiber-matrix 
frictional bond with increasing strain rates. However, a negative aspect regarding the HDPE 
fibers is their pronounced reduction in strain capacity with increasing strain rates, as opposed 
to PVA. 
Single-fiber pullout tests showed a negative strain rate sensitivity of the chemical bond 
between PVA fibers and normal-strength matrix. At the same time, a pronounced increase in 
frictional bond strength was measured, although to various extents depending on the 
combination of fiber and matrix. The most pronounced improvement in frictional bond 
properties when compared with quasi-static regimes was observed for HDPE fibers embedded 
in the normal-strength matrix M1. In all fiber-matrix combinations, the enhancement of the 
frictional bond strength was higher than that of the fibers’ tensile strength. This explains the 
tendency towards fiber rupture of M1-PVA and M2-PE when loaded under increasing 
displacement / strain rates in the low rate regime. Nonetheless, it is believed that at higher 
strain rates the pronounced increase of the PVA fiber’s tensile strength in combination with a 
moderate enhancement of bond strength could change the balance in favor of fiber pullout.  
It can be concluded that rate sensitivities of bond properties between fiber and matrix and 
tensile strength of fiber are decisive parameters influencing the effect of loading rate on 
mechanical performance of SHCC in terms of specific fracture energy and work-to-fracture. 
Thus, these parameters and their development with increasing deformation velocity should be 
considered as a basis for the purposeful material design of SHCC for structures or protective 
overlays subjected to impact loading. 
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6 MICROMECHANICAL MODEL 
As shown in Section 2.2, the micromechanical modelling of SHCC can be helpful for material 
design purposes and for explaining or for providing evidence for the phenomena observed 
experimentally at composite level. The model presented in the current chapter was developed 
for facilitating future design of SHCC implying fibers with different mechanical, physical and 
geometrical properties, but also with regard to their interaction with various cementitious 
matrices. For predicting the influence of increasing displacement rates on the single-crack 
behavior of various types of SHCC under monotonic tensile loading, the strain rate 
sensitivities of the fibers’ mechanical properties and of their interfacial bonds with various 
matrices are taken into account. 
6.1 Model description 
The model, whose code was written in Matlab, was developed for describing the crack 
bridging behavior of the investigated SHCC based on the micromechanical results presented 
in Chapter 5. The theoretical basis of the model was presented in Section 2.2. The current 
model assumes a discrete analysis of the crack bridging fibers, in which the pullout curve of 
each crack-bridging fiber is modeled individually, similarly to the approach proposed by Jun 
and Mechtcherine (2010b). The advantage of this approach compared to the integration 
method proposed by Li et al. (1991) is that fiber rupture can be accounted for in a 
straightforward way, and that to each micromechanical parameter a random distribution can 
be easily attributed if a sufficient experimental basis is available.  
Based on a given fiber volume fraction 𝑉𝑓 and a certain analyzed cross-section of area 𝐴𝑐𝑠, the 
corresponding number of crack bridging fibers 𝑛𝑓 is generated according to the cross-section 
area of a single fiber 𝐴𝑓: 
𝑛𝑓 = 𝑉𝑓 ·  
𝐴𝑐𝑠
𝐴𝑓
 (6.1) 
The number of generated fibers also defines the number of calculation loops in a simulation. 
Each calculation loop consists of a number of displacement steps which simulate a 
deformation controlled single-fiber pullout test. Displacement steps 𝛿 of 0.001 mm were 
applied. The number of calculation steps for each loop (single-fiber pullout curve) equals the 
half-length of the considered fibers divided by the size of the displacement step; in this case 
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12 𝑚𝑚
2 ·0.001 𝑚𝑚
= 6000. At each displacement step δ, the stress levels in the analyzed fiber and 
interface are verified according to Eqs. 6.2 to 6.4 and the calculated forces are recorded as 
function of displacement. In this way, for each fiber, i.e., in each calculation loop, a two-
column vector (force and displacement) of dimension k = 6000 is generated. 
The single-fiber crack bridging relations were adopted from the work of Lin and Li (1997) 
and Lin et al. (1999), in which the slip-hardening effect was considered. The crack bridging 
force-crack opening relation for a single fiber before complete interfacial debonding or before 
reaching the tensile strength of the fiber is calculated according to Eq. 6.2 
𝑃(𝛿) = 𝑒𝑓𝛷√(𝜏 · 𝛿 + 𝐺𝑑) · 𝜋2 · 𝐸𝑓 · 𝑑𝑓
3/2 (6.2) 
in which δ is the displacement resulted from the debonding of the fiber on both crack flanks. 
The force at which complete debonding occurs is 
𝑃𝑑𝑒𝑏𝑜𝑛𝑑𝑖𝑛𝑔 = 𝑒
𝑓𝛷 · (𝜋 · 𝑑𝑓 · 𝜏 · 𝐿𝑒 + √𝐺𝑑 · 𝜋2 · 𝐸𝑓 ·
𝑑𝑓
3
2
) (6.3) 
in which 𝐿𝑒 is the embedment length of the considered fiber. 
If the bond strength is exceeded and the fiber does not fail before complete debonding, the 
forces at further displacements are calculated according to Eq. 6.4 
𝑃(𝛿) = 𝜋𝜏𝑑𝑓(1 + 𝛽(𝛿 − 𝛿0))(𝐿𝑒 − (𝛿 − 𝛿0))𝑒
𝑓𝛷
 (6.4) 
where 𝛿0 is the displacement at complete debonding. 
In case that the tensile strength of the fiber is reached, the tensile strength value is set to zero 
and the crack bridging force vanishes at higher displacement values. 
Two-sided debonding and one-sided pullout were considered. Two-sided pullout is possible in 
fiber-matrix systems with slip-hardening pullout behavior. However, the 12 mm long fibers in 
M1-PVA in combination with the strong interfacial bond do not facilitate a two-sided pullout. 
Nevertheless, for material design purposes the model should be refined for enabling also such 
a scenario. 
Note that to each fiber, i.e., in each calculation loop, two sets of parameters are attributed. 
One set of parameters is constant (equal for the entire set of fibers) and the other is random 
(different for each fiber). The random parameters are: embedment length 𝐿𝑒, inclination angle 
𝛷, tensile strength 𝜎𝑓, chemical bond strength 𝐺𝑑 and frictional bond strength 𝜏. Such 
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parameters as snubbing coefficient 𝑓, fiber strength reduction coefficient 𝑓𝑟𝑒𝑑 as a function of 
inclination angle (Kanda and Li 1998b) and slip-hardening coefficient 𝛽 are constant for all 
fibers in the analyzed fiber-matrix system. The parameters serving as input in the model are 
given in Table 6.1. For attributing a specific random parameter to each fiber, a vector of 
dimension 𝑛𝑓 is generated initially for each random parameter, in which the parameters’ 
values are defined according to certain probability distributions between the minimum and 
maximum limits. Due to the lack of a sufficient statistical basis, the tensile strength of the 
fibers 𝜎𝑓 and the bond parameters (chemical bond strength 𝐺𝑑 and frictional bond strength 𝜏) 
were generated as being uniformly distributed between the experimentally obtained minimum 
and maximum values, as given in Tables 5.2 and 5.3. Similarly, the embedment lengths were 
uniformly distributed between 0.1 mm and 𝐿𝑓/2. A two-dimensional fiber orientation was 
considered with a probability distribution p(Φ) = 2/π. The snubbing coefficient 𝑓 and fiber 
strength reduction coefficient 𝑓𝑟𝑒𝑑 given in Table 6.1 were determined based on a set of 
micromechanical experiments by the author, which are not presented in this work.  
As soon as the code enters a certain nth loop (where 1 < 𝑛 < 𝑛𝑓), the n
th value from each pre-
defined vector of random parameters is read. These parameters, together with the constant 
parameters, are used for calculating the pullout curve of the respective fiber. After each loop, 
the generated vector (force-displacement curve) is simply added to the cumulative vector, 
which defines the collective crack bridging force-displacement law, or, if divided by the 
considered cross-section area, stress-displacement (crack opening) law. 
The dynamic enhancement of the frictional bond strength, fiber tensile strength and fiber 
stiffness depend on the ratio of effective strain or displacement rate to the reference quasi-
static strain or displacement rate (0.001 s-1 / 0.005 mm/s) according to the equations of the 
trendlines in Figures 5.9, 5.10. and 5.15; see Chapter 5. The experimental measurements 
indicate on a chemical bond 𝐺𝑑 with a negative strain rate sensitivity. However, further 
investigations are needed for clarifying this aspect. For this reason, the chemical bond was 
considered in the model as being independent on displacement rate. The input values for 𝐺𝑑 
are the experimentally obtained values in pullout tests at 0.005 mm/s displacement rate. 
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Table 6.1. Input parameters for the micromechanical model. 
Fiber parameters 
𝝈𝒇 tensile strength [MPa] 
𝑬𝒇 stiffness [GPa] 
𝒅𝒇 diameter [mm] 
𝑳𝒇 length [mm] 
𝑽𝒇 fiber volume fraction [-] 
Interface parameters 
𝑮𝒅 chemical bond strength [J/m
2] 
𝝉 frictional bond strength [MPa] 
𝜷 slip-hardening coefficient [-] 
𝒇 snubbing coefficient [-] 
𝒇
𝒓𝒆𝒅
 strength reduction coefficient due to inclination [-] 
C-in-situ strength reduction coefficient accounting for the in-situ conditions [-] 
Matrix parameters 
𝑬𝒎 matrix stiffness [GPa] 
It is important to mention that the presented model does not enable the estimation of the 
effective strain rates in the crack bridging fibers. Firstly, because the strain rate in the fibers 
varies along the interface, and because it changes with increasing crack opening and pullout 
extent. Due to this, the strain rates in the fibers are defined according to the displacement rate 
and to a fiber free length of 5 mm, similar to the experiments presented in Chapter 5. 
To account for the apparent reduction in bond strength (chemical and frictional) with 
increasing embedment length (Zhandarov et al. 1997; Boshoff et al. 2009), an adjustment 
function was applied based on the results of Boshoff et al. (2009). The bond strength 
adjustment function is given in Eq. 6.5 and is presented in Figure 6.1. 
𝐵𝑜𝑛𝑑𝑎𝑑𝑗 = (
𝐿𝑒
𝐿𝑒_𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
)−0.4      (for 𝐿𝑒 ≥ 1) (6.5) 
The denominator (reference embedment length) is 2 mm for M1-PVA and M2-PE, and 6 mm 
for M1-PE, according to the embedment lengths with which the bond strength values were 
experimentally determined. However, due to the lack of experimental data and to avoid the 
overestimation of the bond strength, in case of embedment lengths smaller than 2 mm, the 
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bond strength was considered equal to the bond strength for 2 mm embedment length for all 
fiber-matrix combinations. 
 
Figure 6.1. Bond strength adjustment function depending on embedment length. 
6.2 Results and discussion 
Figure 6.2 presents a set of generated single-fiber pullout curves corresponding to the 
combinations M1-PVA and M2-PE with an embedment length of 2 mm. Two different 
displacement rates were applied. In both cases, all the parameters except the bond strength 
and fiber tensile strength were constant. The bond strength and fiber tensile strength values 
for each pullout simulation were selected automatically from a pre-generated range of values 
with limits defined as average ± one standard deviation as given in Tables 5.3 and 5.2, 
respectively. An additional reduction coefficient (C-in-situ) accounting for the in-situ tensile 
strength of the fibers was applied according to Figure 5.16. The inclination angle was zero in 
both cases. The other relevant parameters are given in Table 6.2. Under the lowest strain rate 
of 0.001 s-1 the stiffness of the fibers was taken as 70% of the secant modulus at tensile 
strength and ultimate strain as given by the producers. This should account for the 
considerably lower stiffness values determined experimentally compared to those given by 
the producers, see Chapter 5. Furthermore, this should yield a more realistic displacement 
when the fibers are subjected to high tensile stresses up to failure, since for the short fiber free 
length in a crack, the local plastic deformations at high stress levels might bring a 
considerable contribution to the crack opening. 
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Table 6.2. Values of the simulation parameters for a displacement rate of 0.005 mm/s. 
0.005 mm/s M1-PVA M1-PE M2-PE 
𝝈𝒇 [MPa] 800 - 1400 2000 - 2300 2000 - 2300 
𝑬𝒇 [GPa] 16 50 50 
𝜷 3 0.1 0.1 
𝒇 0.2 0.2 0.2 
𝒇𝒓𝒆𝒅 0.4 0.4 0.4 
C-in-situ 0.6 0.7 0.7 
𝑮𝒅 [J/m2] 0.1 - 1.4 0.0 0.0 
𝝉 [MPa] 1.6 - 2.4 0.2 - 0.5 1.8 - 2.3 
𝑬𝒎 [GPa] 16.5 16.5 29 
 
Figure 6.2. Generated single-fiber pullout curves corresponding to M1-PVA and M2-PE with 
a random distribution of bond strength and fiber tensile strength; displacement rates are given 
in the diagrams. The fibers were considered perpendicular to the crack (𝛷 = 0). 
For the combination M1-PVA as shown in Figure 6.2 a slip-hardening coefficient β = 3 was 
adopted. Note that the experimental pullout curves show a positive convex pattern in the slip-
hardening phase before fiber failure, while the modeled curves show a negative convex 
pattern. This is because the surface damage of the fibers, which causes the confinement of the 
fiber-matrix channel, is cumulative, meaning that slip-hardening is more pronounced at the 
end of the pullout phase than at its beginning. Nevertheless, the model curves are 
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satisfactorily approximating the fiber rupture forces and displacements. In the case of M2-PE 
no fiber failure occurs with an embedment length of 2 mm. 
Figures 6.3a to 6.5a present the modeled crack bridging laws for each of the investigated 
SHCC with varying fiber volume fractions, while Figures 6.3b to 6.5b present the crack 
bridging curves corresponding to a fiber volume fraction of 1.2% under increasing 
displacement rates from 0.05 to 20 mm/s, according to the tension experiments described in 
Section 4.1. 
The sudden stress drops in the stress-crack opening curves indicate on the fraction of ruptured 
fibers, which is considerable in the case of M1-PVA and M2-PE. If the possibility of fiber 
rupture is not considered, the crack bridging curves show a smooth transition from the 
ascending branch to the softening branch at considerably higher stress levels; see Figure 6.6. 
Fiber rupture in M1-PE can be attributed to the snubbing effect of the inclined fibers. 
 
Figure 6.3. Modeled stress-crack opening relationships for M1-PVA: a) with different fiber 
volume fractions (Vf) and b) under increasing displacement rates. 
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Figure 6.4. Modeled stress-crack opening relationships for M1-PE: a) with different fiber 
volume fractions (Vf) and b) under increasing displacement rates. 
 
Figure 6.5. Modeled stress-crack opening relationships for M2-PE: a) with different fiber 
volume fractions (Vf) and b) under increasing displacement rates. 
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Figure 6.6. Modeled crack bridging laws for M2-PE with 1.2% fiber volume content with and 
without fiber rupture consideration, i.e., with limited and unlimited fiber tensile strength. 
Despite the adjustment coefficients for fiber tensile strength and interfacial bond strength, the 
modeled crack bridging laws corresponding to fiber volume fractions of 2% overestimate the 
tensile strength of all types of SHCC as measured on unnotched specimens; see Chapter 4. 
For this reason, the crack bridging curves corresponding to lower fiber volume fractions were 
represented additionally. The simulated curves with 1.2% fiber volume content approximate 
the tensile strength of SHCC assessed on short unnotched cylindrical specimens, as presented 
in Section 4.3. At the same time, the curves corresponding to fiber volume fractions of 2% 
approximate reasonably well the average crack bridging capacities measured on short notched 
cylindrical specimens, which were 7.8 MPa for M1-PVA, 10.6 MPa for M1-PE and 17.1 MPa 
for M2-PE; see Section 4.3. Thus, the above presented curves indicate that unnotched 
specimens with the geometries employed in this work yield tensile strength values 
considerably lower than their theoretical tensile strength. 
The tensile strength of unnotched specimens is determined by the weakest cracks, which may 
be associated with a considerably reduced fiber content in the case of a non-uniform fiber 
distribution in the specimen. At the same time, in the case of notched specimens, a non-
uniform fiber distribution may lead to a pronounced scatter of the peak tensile stresses and to 
high apparent crack bridging capacities, if the notches are located in regions of high fiber 
concentration; see curves corresponding to M1-PE in Section 4.3.4.3. 
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Another possible reason limiting the experimentally achievable tensile strength of the 
composites is the non-uniform crack opening as a result of specimen misalignment with 
respect to the loading axis. Furthermore, the smaller propagation length of the steady-state 
crack compared to the cross-section of the specimen in case of larger geometries and the non-
uniform fiber distribution in the cross-section may lead as well to non-uniform crack 
development. 
The diagrams in Figures 6.3b to 6.5b show the influence of increasing displacement rates on 
the crack bridging laws. Clearly, with increasing displacement rates both the peak crack 
bridging stress and the crack bridging stiffness are increasing, while the crack openings are 
decreasing. Also, the curves corresponding to higher displacement rates yield a more 
pronounced fiber rupture; see the increasing stress drops. The resulted DIFs of the peak-crack 
bridging stresses agree well with those obtained in Section 4.1 on dumbbell shaped 
specimens. The resulted DIF for M1-PVA at a displacement rate of 20 mm/s relative to 
0.05 mm/s is 1.36, while on dumbbell shaped specimens it was 1.38. In the case of M1-PE, 
the model DIF is 1.44 while the experimental one is 1.37. Finally, for M2-PE the model DIF 
at 20 mm/s is 1.21, while the experimental DIF is 1.18; see Tables 4.1 to 4.3 and Table 6.3. 
On the other side, the accentuated reduction in crack width with increasing strain rates, as 
seen in Figure 6.3b to 6.5b, was not observed on the fractured SHCC specimens in 
Section 4.1.  
Note that the crack bridging laws underestimate the average crack widths measured on tested 
SHCC specimens; see Section 4.1. Some mechanisms that were not considered in the model 
but that lead to increased crack widths are matrix spalling due to inclined fibers and the two-
sided pullout (Yang and Li 2008). This can be compensated by further reducing the stiffness 
of the fibers according to the experimental results presented in Chapter 5. 
Despite the enhancement of the crack bridging capacity, the complementary crack bridging 
energy J`b of all fiber-matrix systems except M1-PVA decreases with increasing displacement 
rates. This decrease is moderate for M1-PE but considerable in the case of M2-PE. In the case 
of M2-PE, the moderate enhancement of the crack bridging capacity in combination with a 
pronounced reduction of the complementary crack bridging energy under increasing 
displacement rates may lead to a negative effect of the increasing strain rates on the quasi-
ductility of the composite already in the range of low strain rates. However, this negative 
MICROMECHANICAL MODEL 
147 
 
combination of micromechanical factors is compensated by the weaker strain rate sensitivity 
of the high-strength matrix. 
Table 6.3. Simulated peak crack bridging stresses and complementary crack bridging energy 
values with a fiber volume fraction (Vf) of 1.2% under increasing displacement rates and the 
corresponding DIFs. 
Disp. rate [mm/s] 0.05 0.5 1 20 
M1-PVA 1.2% Vf 
Peak stress [MPa] 5.1 5.9 6.0 7.0 
DIF peak stress - 1.14 1.16 1.36 
J`b [J/m2] 41.3 40.9 39.8 41.1 
DIF J`b - 0.99 0.97 1.00 
M1-PE 1.2% Vf 
Peak stress [MPa] 5.5 6.6 6.9 8.0 
DIF peak stress - 1.19 1.24 1.45 
J`b [J/m2] 58.8 53.9 51.8 45.1 
DIF J`b - 0.92 0.88 0.77 
M2-PE 1.2% Vf 
Peak stress [MPa] 9.5 10.2 10.5 11.6 
DIF peak stress 
 
1.08 1.11 1.22 
J`b [J/m2] 72.2 59.3 58.0 42.3 
DIF J`b - 0.82 0.80 0.59 
At the same time, the accentuated dynamic increase of the composite cracking strength of 
M1-PVA (see first crack stress of M1-PVA in Section 4.1) due to the contribution of the 
reinforcing fibers through the interfacial chemical bond is compensated by the high strain rate 
sensitivity of PVA fibers’ tensile strength, by the lack of a dynamic enhancement of the 
chemical bond strength and, consequently, by the negligible reduction of the complementary 
crack bridging energy.  
6.3 Summary and outlook 
With the help of the analytical relations presented in Section 2.2, a micromechanical model 
was developed for approximating the single crack opening behavior of the investigated SHCC 
under low displacement rates. The results from the single-fiber tension and pullout 
experiments presented in Chapter 5 were used as input parameters. The model highlighted 
some aspects that were not obvious in the experimental investigations at composite scale. 
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The theoretical tensile strength of all investigated SHCC is considerably higher than it could 
be reached experimentally on most of the investigated specimen geometries, being similar 
only to those measured on short notched cylindrical specimens, as presented in Section 4.3. 
It is assumed that the main reason for such a discrepancy is the non-uniform fiber distribution 
in the SHCC specimens and failure localization in the weakest crack, which can be associated 
with a relatively low content of bridging fibers. Another important reason is the non-uniform 
opening of the localization crack as observed in the tension experiments on unnotched 
specimens. Despite this, the dynamic increase factors of the modeled peak crack bridging 
stresses in SHCC under increasing displacement rates were similar to those obtained on 
dumbbell shaped specimens under the same displacement rates in Section 4.1. 
The modeled crack bridging relations showed a clear tendency towards a more pronounced 
fiber rupture and a reduction of crack width with increasing displacement rates, which could 
not be clearly deduced based on the fractured specimens. Furthermore, it was shown that the 
complementary crack bridging energy of M1-PVA is not affected by the increase in 
displacement rates, while for M2-PE this decreases considerably. 
Obviously, modelling the single-crack opening behavior of SHCC based on fiber and matrix 
types is not enough for facilitating a reliable material design. The model should be further 
developed for predicting the multiple cracking capacity of various SHCC based on the 
relations presented in Section 2.2. For this, however, an extensive series of fracture 
mechanical investigations is necessary, to reliably quantify the crack initiation and 
propagation conditions in the non-reinforced matrices and in SHCC. Furthermore, the 
generated results should have a statistical significance for enabling a proper modelling of the 
strain-hardening effect and to predict the stress level in a specific SHCC, at which no further 
matrix cracking can take place (crack saturation). This is important considering the significant 
discrepancy between the experimentally achieved tensile strength and the crack bridging 
capacities predicted by the model. 
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7 SUMMARY AND OUTLOOK 
7.1 Summary of the investigation program 
An extensive series of investigations was performed on three different types of SHCC and on 
their individual component phases under low strain rates and under impact loading conditions. 
The differences between the composites consisted in the reinforcing polymer fibers and in the 
constitutive cementitious matrices. Two types of SHCC were made with a normal-strength 
finely grained matrix, but were reinforced with different types of fiber, polyvinyl-alcohol 
(PVA) and high-density polyethylene (HDPE), respectively, while the third type consisted of 
a high-strength finely grained matrix and HDPE fibers. The involved polymer fibers exhibit 
extremely different wettability which is directly reflected in their interactions with the 
cementitious matrices. The hydrophilic PVA fibers form a strong chemical bond with the 
surrounding matrix material, while the hydrophobic HDPE fibers form only a frictional bond, 
with its strength depending on matrix composition. All three types of SHCC had a fiber 
volume fraction of 2%. The analyzed SHCC were expected to exhibit different mechanical 
behavior but, most importantly, different strain rate sensitivities as defined by their individual 
component phases, i.e., fiber, matrix and interfacial bond, in this way facilitating a clear and 
explicit identification of the main factors and mechanisms that determine the alteration of the 
tensile behavior of SHCC under increasing strain rates and, especially, under impact loading. 
Mechanical experiments on non-reinforced matrix samples and SHCC specimens were 
performed at different strain rates ranging from 2∙10-4 to 150 s-1. For this, different testing 
setups were employed, which also required different specimen sizes and geometries. 
Furthermore, single-fiber pullout and single-fiber tension experiments were performed for 
describing and quantifying the fiber and fiber-matrix interfacial properties and their strain rate 
sensitivities at displacement rates of up to 50 mm/s, corresponding to strain rates of 10 s-1 on 
single fibers. The results of these investigations complemented the investigations at composite 
level and clarified the phenomena observed in the experiments on SHCC. Based on the 
measurements at single-fiber level, an analytical model for single crack opening behavior was 
formulated. Thanks to its idealized nature, the model demonstrated in an accentuated form the 
changes of the crack opening behavior under increasing displacement rates depending on 
fiber-matrix system. 
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7.2 Conclusions 
Influence of increasing strain rates on the micromechanical parameters of SHCC 
Different matrix compositions result not only in different tensile strength but also in different 
strain rate sensitivities both at low and high strain rates. 
The PVA and HDPE fibers possess different mechanical properties and strain rate 
sensitivities. The PVA fibers show a more pronounced dynamic enhancement of tensile 
strength compared to HDPE, while the latter yield a more accentuated enhancement of 
Young’s modulus. Furthermore, the HDPE fibers suffer a significant reduction in strain 
capacity and work-to-fracture with increasing strain rates.  
The single-fiber pullout experiments under increasing displacement rates showed that the 
chemical bond between the PVA fibers and the normal-strength matrix exhibits a rather 
negative strain rate sensitivity. However, since the results reported in literature are stating the 
opposite, further investigations would be desirable for strengthening this finding. 
The enhancement of frictional bond strength under increasing displacement rates up to 
50 mm/s depends strictly on fiber-matrix system, and is more pronounced than the 
enhancement of fibers’ tensile strength for all analyzed fiber-matrix combinations. 
As per the micromechanical model, in the range of low displacement rates up to 20 mm/s the 
more accentuated enhancement of interfacial properties compared to fibers’ tensile strength 
results in a more pronounced fiber rupture, reduced crack width and, in the case of SHCC 
made with HDPE fibers, also in a reduced complementary crack bridging energy. 
Influence of increasing strain rates on the tensile behavior of SHCC 
The first-crack stress of SHCC under low and high strain rates depends not only on the tensile 
strength and strain rate sensitivity of the constitutive cementitious matrix but also on the 
strength and strain rate sensitivity of the fiber-matrix interface. 
In the range of low strain rates, the chemical bond between the PVA fibers and the normal-
strength cementitious matrix ensures a strong fiber-matrix composite action already in the 
elastic state of SHCC. Given the sufficiently high Young’s modulus of the PVA fibers and 
their strain rate sensitivity, this results in a relatively high first crack stress and in a strong 
dynamic enhancement of the first crack stress under increasing strain rates up to 10-1 s-1. 
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Because of the weaker frictional interactions between the HDPE fibers and the cementitious 
matrices under low strain rates, the fibers are mainly activated after crack formation without 
having any evident contribution to the first crack stress or to its dynamic increase. 
The tensile strength of all investigated SHCC had a weaker dynamic enhancement compared 
to first crack stress, disregarding the failure modes, indicating on the notable strain rate 
sensitivity of the brittle cementitious matrices. 
In the tension experiments at displacement rates of up to 20 mm/s no definite strain rate 
effects on the strain capacities of the investigated SHCC could be detected. This can be traced 
back to the sufficient margin still ensured at the given displacement rates for the strength and 
steady-state cracking conditions. 
At intermediate and high strain rates, the interfacial bond between the PVA fibers and the 
cementitious matrix shows a reduced dynamic enhancement. These leads to a limited dynamic 
first crack stress and to a strain-softening behavior of SHCC, given the still pronounced 
dynamic enhancement of fibers’ tensile strength. It is assumed that this behavior is related to 
the limited strain rate sensitivity of PVA fibers’ Young’s modulus, which, at higher 
achievable tensile stresses in fibers, results in stronger transversal contractions and stronger 
reduction of the interfacial confinement, given a constant Poisson’s ratio. 
Contrary to that, the frictional interfacial bonds between the HDPE fibers and the normal-
strength and high-strength cementitious matrices exhibit a consistent and, thus, predictable 
dynamic enhancement, similarly as under low strain rates. Such dynamic interfacial properties 
enable a targeted material design and clear requirements towards the cementitious matrix. 
Because of the less pronounced strain rate sensitivity of the HDPE fibers’ tensile strength 
relatively to that of their interfacial bond strength also at high strain rates, the matrix should 
be tailored in such a way, that satisfactory mechanical properties of the resulting SHCC are 
achieved under quasi-static loading, but, at the same time, fiber debonding and partial pullout 
are ensured under impact loading. 
Effect of specimen size and production technique 
Specimen dimensions and production technique play an important role in the tensile 
performance of SHCC. The casting technique and the partially predefined fiber orientation in 
the dumbbell shaped specimens result in higher tensile strength and strain capacity.  
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Given a certain production technique, reducing specimen length and cross-section may 
significantly increase the mechanical parameters. This can be partially traced back to the 
inherent variation of materials properties in the specimen. Also, a larger cross-section results 
in a limited steady-state crack growth and in a non-uniform crack opening. Furthermore, the 
negative effect of specimen misalignment in a setup with non-rotatable boundaries is 
amplified by the increased specimen length and width. 
Notched specimens demonstrate enhanced tensile strength in comparison to unnotched 
specimens. In this case the positive effect arises from the failure localization in a predefined 
position which is different from the weakest location. Deeper notches lead to further apparent 
enhancement of tensile strength. Presumably, with increased notch depth the prerequisites for 
uniform crack opening are fulfilled to a higher degree. Another possible reason is that the 
reduced degree of multiple cracking next to the localization crack ensured by the deeper 
notches limits the negative effect of the closely spaced cracks on the embedment of the crack 
bridging fibers. 
The impact tension experiments showed that the single crack tensile behavior is not 
representative for the tensile behavior of unnotched specimens in respect of energy dissipation 
through multiple cracking.  
Spall experiments for describing SHCC’s tensile behavior under impact loading 
The investigations in spall experiments with the Hopkinson bar provided valuable insight into 
the tensile behavior of SHCC under high strain rates and highlighted their extremely high 
capacity of energy dissipation under such loading conditions. However, this technique 
involves several important disadvantages which limit its applicability to SHCC: 
- Spall experiments can only facilitate a limited quantitative description of the 
mechanical properties of the tested material, such as specific fracture energy based on 
notched specimens, tensile strength and dynamic Young’s modulus based on 
unnotched specimens.  
- The evaluation methods for dynamic tensile strength and specific fracture energy 
assume a linear elastic propagation of the tensile wave in the specimen up to the 
moment of failure. Considering the ductile behavior of SHCC, this assumption is 
hardly sound. 
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- Finally, the highly ductile SHCC specimens and the limiting criteria regarding the 
amplitude of the generated compressive wave render this method ineffective in 
achieving fracture of unnotched SHCC samples. 
7.3 Outlook 
It is highly desirable to investigate the tensile behavior of single fibers but also of the fiber-
matrix interactions at high strain rates (> 50 s-1) and displacement rates (> 1 m/s). For this, 
however, appropriate testing configurations need to be developed. 
For high-strength SHCC, stronger fibers are desirable to reach a higher degree of multiple 
cracking under impact loading. Further investigations should be performed involving higher 
grades of high-performance HDPE fibers. 
The artificial introduction of flaws of various sizes and distribution should be investigated 
regarding their potential effect on multiple cracking in SHCC under impact loading. 
The drop-weight installation enabled impact experiments on the same specimen geometry that 
is normally used for tension experiments under quasi-static conditions. However, for 
delivering accurate measurements, the installation needs to be modified for allowing 
monitoring of the loading process and of the specimen response in terms of longitudinally 
propagating waves in long elastic bars. 
Photogrammetric measurements accompanying the tension experiments under quasi-static and 
impact loading are highly desirable for accurately assessing the strain distribution in the 
cracked SHCC specimens, for measuring the in-situ crack widths, and for quantifying the 
opening speed of the failure localization crack in impact experiments. 
Finally, the micromechanical model should be further developed for predicting the multiple 
cracking capacity of the modeled composites. This should be done based on fracture 
mechanical experiments of non-reinforced matrices and SHCC, for clearly describing the 
crack initiation and propagation conditions based on fiber-matrix combination and strain rate. 
  
SUMMARY AND OUTLOOK 
154 
 
 
 
155 
 
REFERENCES 
Aoude, H., Dagenais, F.P., Burrell, R.P., Saatcioglu, M. 2015. Behavior of ultra-high 
performance fiber reinforced concrete columns under blast loading. International 
Journal of Impact Engineering 80: 185-202. 
Aveston, J., Kelly, A. 1973. Theory of multiple cracking of fibrous composites. Journal of 
Materials Science 8: 352-362. 
Ayoub, G., Zairi, F., Frederix, C., Gloaguen, J.M., Nait-Abdelaziz, M., Seguela, R. 2011. 
Effects of crystal content on the mechanical behaviour of polyethylene under finite 
strains: Experiments and constitutive modelling. International Journal of Plasticity 27: 
492-511. 
Banthia, N., Mindess, S., Bentur, A., Pigeon, M. 1989. Impact testing of concrete using a 
drop-weight impact machine. Experimental Mechanics 29 (1): 63-69. 
Bindiganavile, V., Banthia, N., Aarup, B., 2002. Impact response of ultra-high-strength fiber-
reinforced cement composite. ACI Materials Journal 99 (6): 543-548. 
Boshoff, W.P., Mechtcherine, V., Van Zijl, G.P.A.G. 2009. Characterising the time-
dependant behaviour on the single fibre level of SHCC: Part 2: The rate effects on the 
fibre pull-out tests. Cement and Concrete Research (39): 787-797. 
Brara, A., Klepaczko, J.R. 2007. Fracture energy of concrete at high loading rates in tension. 
International Journal of Impact Engineering 34: 424-435. 
Cadoni, E., Labibes, K., Albertini, C., Berra, M., Giangrasso, M. 2001. Strain-rate effect on 
the tensile behavior of concrete at different relative humidity levels. Materials and 
Structures 34: 21-26. 
Cadoni, E., Meda, A., Plizzari, G. 2009. Tensile behavior of FRC under high strain-rate. 
Materials and Structures 42 (9): 1283-1294. 
Cadoni, E. 2010. Dynamic characterization of orthogneiss rock subjected to intermediate and 
high strain rates in tension. Rock Mechanics and Rock Engineering 43: 667-676. 
Cadoni, E., Forni, D. 2016. Experimental analysis of the UHPFRCs behavior under tension at 
high stress rate. The European Physical Journal Special Topics 225 (2): 253-264. 
REFERENCES 
156 
 
Curbach, M., Eibl., J. 1990. Crack velocity in concrete. Engineering Fracture Mechanics 35: 
321-326. 
Curosu, I., Ashraf, A., Mechtcherine, V. 2014. Behaviour of Strain-Hardening Cement-Based 
Composites (SHCC) Subjected to Impact Loading. In: Schlangen, E., et al. (Eds.): 
Proceedings of the 3rd International RILEM Conference on Strain Hardening 
Cementitious Composites SHCC3, Dordrecht, Netherlands, RILEM S.A.R.L. 
Publications, pp. 121-128. 
Curosu, I., Liebscher, M., Mechtcherine, V., Bellmann, C., Michel, S. 2017. Tensile behavior 
of high-strength strain-hardening cement-based composites (HS-SHCC) made with 
high-performance polyethylene, aramid and PBO fibers. Cement and Concrete 
Research 98:71-81. 
Dyneema Fact Sheet, Ultra high molecular weight polyethylene fiber form Dyneema, 
Eurofibers, 2010. https://issuu.com/eurofibers/docs/name8f0d44 
Erzar, B., Forquin, P. 2010. An experimental method to determine the tensile strength of 
concrete at high rates of strain. Experimental Mechanics 50: 941-955. 
Fantilli, A.P., Mihashi, H., Vallini, P. 2009. Multiple cracking and strain hardening in fiber-
reinforced concrete under uniaxial tension. Cement and Concrete Research 39: 1217-
1229. 
Fantilli, A.P., Kwon, S., Mihashi, H., Nishiwaki, T. 2013. Tailoring high-strength SHCC. In: 
J.G.M. Van Mier, H. Ruiz, C. Andrade, R.C. Yu., X.X., Zhang (Eds.) Proceedings of 
the VIIIth International Conference on Fracture of Concrete and Concrete Structures 
FraMCoS-8. Toledo, Spain, 2013. 
Fenu, L., Forni, D., Cadoni, E. 2016. Dynamic behaviour of cement mortars reinforced with 
glass and basalt fibres. Composites Part B: Engineering 92 (5): 142-150. 
Galvez Diaz-Rubio, F., Rodriguez Perez, J., Sanchez Galvez, V. 2002. The spalling of long 
bars as a reliable method of measuring the dynamic tensile strength of ceramics. 
International Journal of Impact Engineering 27: 161-177. 
Gama, B.A., Lopatnikov., S., Gillespie Jr., J.W. 2004. Hopkinson bar experimental technique. 
A critical review. Applied Mechanics Reviews 57 (4): 223-250. 
REFERENCES 
157 
 
Gerlach, R., Kettenbeil, C., Petrinic, N. 2012. A new split Hopkinson tensile bar design. 
International Journal of Impact Engineering 50: 63-67. 
Govaert, L.E., Peijs, T. 1995. Tensile strength and work of fracture of oriented polyethylene 
fibre. Polymer 36 (23): 4425-4431. 
Häussler-Combe, U., Kühn, T. 2012. Modeling of strain rate effects for concrete with 
viscoelasticity and retarded damage. International Journal of Impact Engineering 50: 
17-28. 
Hussein, M. Kunieda, M., Nakamura, H. 2012. Strength and ductility of RC beams 
strengthened with steel-reinforced strain hardening cementitious composites. Cement 
and Concrete Composites 34: 1061-1066. 
Jun, P., Mechtcherine, V. 2010a. Behaviour of Strain-hardening Cement-based Composites 
(SHCC) under monotonic and cyclic tensile loading, Part I – Experimental 
investigations. Cement and Concrete Composites 32: 801-809. 
Jun, P., Mechtcherine, V. 2010b. Behaviour of Strain-hardening Cement-based Composites 
(SHCC) under monotonic and cyclic tensile loading, Part 2 - Modelling. Cement and 
Concrete Composites 32: 801-809. 
Jun, P. 2010. Behaviour of strain-hardening cement-based composites (SHCC) under 
monotonic and cyclic tensile loading. Doctoral thesis, Technische Universität Dresden, 
Germany. 
Kamal, A., Kunieda, M., Ueda, N., Nakamura, H. 2008. Evaluation of crack opening 
performance of a repair material with strain hardening behavior. Cement and Concrete 
Composites 30 (10): 863-871. 
Kanda, T., Li, V.C. 1998a. Multiple cracking sequence and saturation in fiber reinforced 
cementitious composites. JCI Concrete Research and Technology 9 (2): 19-33. 
Kanda, T., Li, V.C. 1998b. Interface property and apparent strength of high-strength 
hydrophilic fiber in cement matrix. Journal of Materials in Civil Engineering 10 (1): 5-
13. 
Kanda, T., Li, V.C. 2006. Practical design criteria for saturated pseudo strain hardening 
behavior in ECC. Journal of Advanced Concrete Technology 4 (1): 59-72. 
REFERENCES 
158 
 
Kanda, T., Takaine, Y., Tomoe, S., Takahashi, M., Yamamoto, Y., Kawano, K., Kunieda, M., 
Mizobuchi, T. 2014. Development of coupling beam elements utilizing UHP-SHCC for 
high-rise R/C building. In Schlangen, E., Sierra Betran, M.G., Lukovik, M., Ye, G. 
(Eds.) Proceedings of the 3rd RILEM Conference on Strain-Hardening Cementitious 
Composites; pp. 409-416. 
Kim, D., El-Tail, S., Naaman, A.E. 2009. Rate dependent tensile behavior of high 
performance fiber reinforced cementitious composites. Materials and Structures 42: 
399-414. 
Kim, Y. Y., Lee, B.Y., Bang, J.W., Han, B.C., Feo, L., Cho, C.G. 2014. Flexural performance 
of reinforced concrete beams strengthened with strain-hardening cementitious 
composites and high strength reinforcing bar. Composites: Part B 56: 512-519.  
Klepaczko, J.R., Brara, A. 2001. An experimental method for dynamic tensile testing of 
concrete by spalling. International Journal of Impact Engineering 25: 387-409. 
Kobayashi, K., Ahm, D.L., Rokugo, K. 2016. Effects of crack properties and water-cement 
ratio on the chloride proofing performance of cracked SHCC suffering from chloride 
attack. Cement and Concrete Composites 69: 18-27. 
Kolsky, H. 1949. An investigation of the mechanical properties of materials at very high rates 
of loading. Proceedings of the Physical Society Section B 62 (11): 676-700. 
Kong, H-J., Bike, S.G., Li, V.C. 2003. Constitutive rheological control to develop a self-
consolidating engineered cementitious composite reinforced with hydrophilic poly(vinyl 
alcohol) fibers. Cement and Concrete Composites 25: 333-341. 
Kunieda, M., Rokugo, K. 2006. Recent progress on HPFRCC in Japan. Journal of Advanced 
Concrete Technology 4 (1) 19-33. 
Kunieda, M., Ueda, N., Nakamura, H., Tamakoshi, T. 2013. Cyclic response of damaged 
members repaired by different types of SHCCs. In: Van Mier, J.G.M. et al. (Eds.), 
Proceedings of the VIII International Conference on Fracture Mechanics of Concrete 
and Concrete Structures FraMCoS-8, Toledo, Spain. 
Kuralon Data Sheet - http://www.kuraray.co.jp/kii/english/ 
Lepech, M.D., Li, V.C. 2009. Application of ECC for bridge deck link slabs. Materials and 
Structures 42: 1185-1195. 
REFERENCES 
159 
 
Leung, C.K., Li, V.C. 1989. First cracking strength of short fiber-reinforced ceramics. 
Ceramic Engineering and Science Proceedings 10 (9-10): 1164-1178. 
Li, V.C., Wang, Y., Becker, S. 1990. Effect of inclining angle, bundling, and surface 
treatment on synthetic fiber pull-out from a cement matrix. Composites 21: 132-140. 
Li, V.C., Wang, Y., Backer, S. 1991. A micromechanical model of tension-softening and 
bridging toughening of short random reinforced brittle matrix composites. Journal of 
Mechanics and Physics of Solids 39 (5): 607-625. 
Li, V.C. 1992. Post-crack scaling relations for fiber reinforced cementitious composites. 
Journal of Materials in Civil Engineering 4 (1): 41-57. 
Li, V.C., Leung, K.Y. 1992. Steady-state and multiple cracking of short random fiber 
composites. Journal of Engineering Mechanics 118 (11): 2246-2264. 
Li, V.C., Wu, H.C. 1992. Conditions for pseudo strain-hardening in fiber reinforced brittle 
matrix composites. Applied Mechanics Reviews 45 (8): 390-398. 
Li, V.C. 1993. From micromechanics to structural engineering – The design of cementitious 
composites for civil engineering applications. Journal of Structural Mechanics and 
Earthquake Engineering 10: 37-48. 
Li, V.C., Mishra, D.K., Wu, H.C. 1995. Matrix design for pseudo-strain-hardening fibre 
reinforced cementitious composites. Materials and Structures (28): 586-595. 
Li, V.C., Wu, C.H., Chan, Y.W. 1995b. Interfacial property tailoring for pseudo strain-
hardening cementitious composites. Advanced Technology on Design and fabrication of 
Composite Materials and Structures, edited by Carpinteri and Sih (Kluwer, Dordrecht, 
1995)), pp. 261-268. 
Li, V.C., Kong, H.J., Chan, Y.W. 1998. Development of self-compacting engineered 
cementitious composites. Proceedings of the International Workshop on Self-
Compacting Composites, Kochi, Japan, pp. 46-59. 
Li, V.C., Wang, S., Wu, C. 2001. Tensile strain-hardening behavior of polyvinyl alcohol 
engineered cementitious composite (PVA-ECC). ACI Materials Journal 98(6): 483-
492. 
REFERENCES 
160 
 
Li, V.C., Wu, C., Wang, S., Ogawa, A., Saito, T. 2002. Interface Tailoring for Strain-
Hardening Polyvinyl Alcohol-Engineered Cementitious Composite (PVA-ECC). ACI 
Materials Journal 99 (5): 463-472. 
Li, V.C. 2003. On engineered cementitious composites (ECC): A review of the material and 
its applications. Journal of Advanced Concrete Technology 1 (3):215-230. 
Li, V.C., Lepech, M. 2004. Crack resistant concrete material for transportation construction. 
In Transportation research board 83rd annual meeting, Washington, D.C., compendium 
of papers. Paper 04-4680. 
Li, V.C., Wang, S. 2006. Microstructure variability and macroscopic composite properties of 
high performance fiber reinforced cementitious composites. Probabilistic Engineering 
Mechanics 21: 201-206. 
Li, M., Li, V.C. 2013. Rheology, fiber dispersion, and robust properties of Engineered 
Cementitious Composites. Materials and Structures. 46 (3): 405-420. 
Lin, Z., Li, V.C. 1997. Crack bridging in fiber reinforced cementitious composites with slip-
hardening interfaces. Journal of Mechanics and Physics of Solids 45 (5): 763-787. 
Lin, Z., Kanda, T., Li, V.C. 1999. On interface property characterization and performance of 
fiber-reinforced cementitious composites. Concrete Science and Engineering 1: 173-
184. 
Lu, C., Leung, C.K.Y. 2016. A new model for cracking process and tensile ductility of Strain 
Hardening Cementitious Composites (SHCC). Cement and Concrete Research 79: 353-
365. 
Lu, Y., Xu, J., Weerheijm, J. 2013. A mesoscale modelling perspective of cracking process 
and fracture energy under high strain rate tension. In: Van Mier, J.G.M. et al. (Eds.), 
Proceedings of the VIII International Conference on Fracture Mechanics of Concrete 
and Concrete Structures FraMCoS-8, Toledo, Spain. 
Maalej, M., Li, V.C., Hashida, T. 1995. Effect of fiber rupture on tensile properties of short 
fiber composites. ASCE Journal of Engineering Mechanics 121 (8): 903-913. 
Maalej, M., Quek, S.T., Ahmed, S.F.U., Zhang, J., Lin, V.W.J., Leong, K.S. 2012. Review of 
potential structural applications of hybrid fiber Engineered Cementitious Composites. 
Construction and Building Materials 36: 216-227. 
REFERENCES 
161 
 
Marshall, D.B., Cox, B.N., Evans, A.G. 1985. The mechanics of matrix cracking in brittle-
matrix fiber composites. Acta Metallurgica 33 (11): 2013-2021. 
Marshall, D.B., Cox, B.N. 1988. A J-Integral method for calculating steady-state matrix 
cracking stresses in composites. Mechanics of Materials 7: 127-133. 
Mechtcherine, V., Millon, O., Butler, M., Thoma, K. 2011a. Mechanical behavior of strain-
hardening cement-based composites under impact loading. Cement and Concrete 
Composites 33: 1–11. 
Mechtcherine, V., Silva, F.D.A., Butler, M., Zhu, D., Mobasher, B., Gao, S.-L., Mäder, E. 
2011b. Behaviour of strain-hardening cement-based composites under high strain rates. 
Journal of Advanced Concrete Technology 9 (1): 51–62. 
Mechtcherine, V. 2012. Towards a durability framework for structural elements and structures 
made of or strengthened with high-performance fibre-reinforced composites. 
Construction and Building Materials 31: 94-104. 
Mechtcherine, V., Silva, F.D.A., Müller, S., Jun, P., Filho, R.D.T. 2012. Coupled strain rate 
and temperature effects on the tensile behavior of strain-hardening cement-based 
composites (SHCC) with PVA fibers. Cement and Concrete Research 42: 1417–1427. 
Mechtcherine, V. 2013. Novel cement-based composites for the strengthening and repair of 
concrete structures. Construction and Building Materials 41: 365-373. 
Millon, O., Riedel, W., Thoma, K., Fehling, E., Nöldgen, M. 2009. Fiber-reinforced ultra-
high performance concrete under tensile loads. Proceedings of the 9th International 
Conference on the Mechanical and Physical Behaviour of Materials Under Dynamic 
Loading - DYMAT, vol. 1, pp. 671-677. 
Müller, S., Mechtcherine, V. 2017. Fatigue behaviour of strain-hardening cement-based 
composites (SHCC). Cement and Concrete Research 92: 75–83. 
Mündecke, E., Mechtcherine. 2014. Crack development in SHCC elements reinforced with 
steel bars and subjected to tensile loading. In: Schlangen, E., et al. (Eds.): Proceedings 
of the 3rd International RILEM Conference on Strain Hardening Cementitious 
Composites SHCC3, Dordrecht, Netherlands, RILEM S.A.R.L. Publications, pp. 401-
408. 
REFERENCES 
162 
 
Nöldgen, M., Riedel, W., Thoma, K., Fehling, E. 2013. Properties of ultra high performance 
concrete (UHPC) in tension at high strain rates. In: Van Mier, J.G.M. et al. (Eds.), VIII 
International Conference on Fracture Mechanics of Concrete and Concrete Structures 
FraMCoS-8, Toledo, Spain 2013, pp. 988-1000. 
Ortlepp, S. 2006. Zur Beurteilung der Festigkeitssteigerung von hochfestem Beton unter 
hohen Dehngeschwindigkeiten. Doctoral thesis. Technische Universität Dresden, 
Germany. 
Peijs, T., Smets, E.A.M., Govaert, L.E. 1994. Strain rate and temperature effects on energy 
absorption of polyethylene fibres and composites. Applied Composite Materials 1: 35-
54. 
Pyo, S., El-Tawil, S. 2015 Capturing the strain hardening and softening responses of 
cementitious composites subjected to impact loading. Construction and Building 
Materials 81: 276-283. 
Ranade, R., Li, V.C., Stults, M.C., Rushing, T.S., Roth, J., Heard, W.F. 2013. 
Micromechanics of high-strength, high-ductility concrete. ACI Materials Journal 110 
(4): 375-384. 
Ranade, R., Li, V.C., Heard, W.F. 2015. Tensile rate effects in high strength-high ductility 
concrete. Cement and Concrete Research 68: 94-104. 
Redon, C., Li, V.C., Wu, C., Hoshiro, H., Tadashi, S., Ogawa, A. 2001. Measuring and 
modifying interface properties of PVA fibers in ECC matrix. Journal of Materials in 
Civil Engineering 13 (6): 399-406. 
Reinhardt, H.W., Körmeling, H.A., Zielinsky, A.J. 1986. The split Hopkinson bar, a versatile 
tool for impact testing of concrete. Materials and Structures 19: 55-63. 
Reinhardt, H.W., Weerheijm, J. 1991. Tensile fracture of concrete at high loading rates taking 
into account of inertia and crack velocity effects. International Journal of Fracture 51: 
31-42. 
Rossi, P., Van Mier, J.G.M., Toutlemonde, F., Le Maou, F., Boulay, C. 1994. Effect of 
loading rate on the strength of concrete subjected to uniaxial tension. Materials and 
Structures 27: 260-264. 
REFERENCES 
163 
 
Russel, B.P., Karthikeyan, V.S., Fleck, N.A. 2013. The high strain rate response of ultra high 
molecular-weight polyethylene: From fibre to laminate. International Journal of Impact 
Engineering 60: 1-9. 
Schröfl, Ch., Mechtcherine, V., Kaestner, A., Vontobel, P., Hovind, J., Lehmann, E. 2015. 
Transport of water through strain-hardening cement-based composite (SHCC) applied 
on top of cracked reinforced concrete slabs with and without hydrophobization of 
cracks - Investigation by neutron radiography. Construction and Building Materials 76: 
70-86. 
Schuler, H., Mayrhofer, C., Thoma, K. 2006. Spall experiments for the measurement of the 
tensile strength and fracture energy of concrete at high strain rates. International 
Journal of Impact Engineering 32: 1635-1650. 
Tran, T.K., Kim., D.J. 2013. Investigating direct tensile behavior of high performance fiber 
reinforced cementitious composites at high strain rates. Cement and Concrete Research 
50: 62-73. 
Van Zijl, G.P.A.G., Wittmann, W.H., Oh, B.H., Kabele, P., Toledo Filho, R.D., Fairbairn, 
E.M.R., Slowik, V., Ogawa, A., Hoshiro, H., Mechtcherine, V., Altmann, F., Lepech, 
M.D. 2012. Durability of strain-hardening cement-based composites (SHCC). Materials 
and Structures 45: 1447-1463. 
Vegt. I., Weerheijm, J. 2015. The post peak response of concrete for dynamic tensile loading. 
In: Stewart, M.G. & Netherton, M.D: (Eds.) Proceedings of the 3rd International 
Conference on Protective Structures (ICPS3); pp. 655-662. 
Wang, Y., Xia, Y., Jiang, Y. 2001. Tensile behavior and strength distribution of polyvinyl-
alcohol fibre at high strain rates. Applied Composite Materials 8: 297-306. 
Weerheijm, J., Reinhardt, H.W. 1991. Device for testing concrete under impact tensile 
loading and lateral compression. Nuclear Engineering and Design 126: 395-401. 
Weerheijm, J., van Doormaal, J.C.A.M. 2007. Tensile failure of concrete at high loading 
rates: New test data on strength and fracture energy from instrumented spalling tests. 
International Journal of Impact Engineering 34: 609-626. 
Weerheijm, J., Vegt, I. 2010. The dynamic fracture energy of concrete. Review of test 
methods and data comparison. In: Oh Byung Hwan, Choi Oan Choi & Chung Lan 
REFERENCES 
164 
 
(Eds.) Proceedings of the 7th International Conference on Fracture Mechanics of 
Concrete Structures FraMCoS-7. Jeju, South Korea, 2010. 
Wilhelmy, L. 1863. Über die Abhängigkeit der Capillaritäts-Konstanten des Alkohols von 
Substanz und Gestalt des benetzten festen Körpers. Annals of Physics 119: 177-217. 
Wille, K., El-Tawil, S., Naaman, A.E. 2014. Properties of strain hardening ultra high 
performance fiber reinforced concrete (UHP-FRC) under direct tensile loading. Cement 
and Concrete Composites 48: 53-66. 
Wu, H.-C., Li, V.C. 1995. Stochastic process of multiple cracking in discontinuous random 
fiber reinforced brittle matrix composites. International Journal of Damage Mechanics 
4 (1): 83-102. 
Xia, K., Yao., W. 2015. Dynamic rock tests using split Hopkinson (Kolsky) bar system – A 
review. Journal of Rock Mechanics and Geotechnical Engineering 7: 27-59. 
Yang, E.-H., Wang, S., Yang, Y., Li, V.C. 2008. Fiber-bridging constitutive law of 
engineered cementitious composites. Journal of Advanced Concrete Technology 6(1): 
181-193. 
Yang, E.-H., Li, V.C. 2010. Strain-hardening cement optimization and component tailoring 
by means of micromechanical model. Construction and Building Materials 24: 130-
139. 
Yang, E.-H., Li, V.C. 2012. Tailoring engineered cementitious composites for impact 
resistance. Cement and Concrete Research 42 (8): 1066–1071. 
Yang, E.-H., Li, V.C. 2014. Strain-rate effects on the tensile behavior of strain-hardening 
cementitious composites. Construction and Building Materials 52: 96-104. 
Yao, Y., Silva, F.A., Butler, M., Mechtcherine, V., Mobasher, B. 2015. Tension stiffening in 
textile reinforced concrete under high speed tensile loads. Cement and Concrete 
Composites 64: 49-61. 
Zhandarov, S., Pisanova., E., Lauke, B. 1997. Is there any contradiction between the stress 
and energy failure criteria in micromechanical tests? Part I. Crack initiation: stress-
controlled or energy controlled? Composite Interfaces 5(5): 387-404. 
REFERENCES 
165 
 
Zhang, J., Maalej, M., Quek, S.T. 2007. Performance of hybrid-fiber ECC blast/shelter panels 
subjected to drop weight impact. ASCE Journal of Materials in Civil Engineering 19 
(10): 855 - 863. 
Zhu, D., Rajan, S.D., Mobasher, B., Peled, A., Mignolet, M. 2011. Modal analysis of a servo-
hydraulic high speed machine and its application to dynamic tensile testing at an 
intermediate strain rate. Experimental Mechanics 51: 1347-1363. 
Zielinsky, A.J. 1982. Fracture of concrete and mortar under uniaxial impact tensile loading. 
Doctoral thesis, TU Delft, The Netherlands. 
  
REFERENCES 
166 
 
 
 
167 
 
APPENDIX 
A. Abbreviations, symbols and indices 
Abbreviations 
CAH contact angle hysteresis 
COD crack opening displacement 
DIF dynamic increase factor 
FRC fiber reinforced concrete 
HDPE high density polyethylene 
HPFRCC high performance fiber reinforced cementitious composites 
HRWRA high-range water reducing agent 
LVDT linear variable differential transducer 
MHB modified Hopkinson bar 
PVA polyvinyl-alcohol 
RC reinforced concrete 
SHCC strain-hardening cement-based composites 
UHPC ultra-high performance concrete 
UHP-FRC ultra-high performance fiber reinforced concrete 
Indices 
M1 normal-strength cementitious matrix 
M2 high-strength cementitious matrix 
L long sample 
S short sample 
N notched sample 
Capital Letters 
Aeff effective cross-section of the notched specimen [mm
2] 
A0 bar’s cross-sectional area [mm
2] 
As specimen’s cross-sectional area [mm
2] 
C0 longitudinal wave's velocity in the bar [m/s] 
C-in-situ reduction coefficient accounting for the in-situ tensile strength of fiber [-] 
CL longitudinal wave's velocity in the specimen [m/s] 
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E Young’s modulus of the composite [N/m2] 
E0 bar’s modulus of elasticity [N/m
2] 
E0,stat quasi-static Young's modulus of SHCC [GPa] 
E0,dyn dynamic Young's modulus of SHCC [GPa] 
Edyn dynamic Young's modulus of SHCC [GPa] 
Ef Young’s modulus of fiber [GPa] 
Em Young’s modulus of non-reinforced matrix [N/m
2] 
F1 and F2  forces acting on the two faces of the specimen in contact with the input and 
output bars [N] 
Fb buoyancy force in contact angle measurements [N] 
Fg gravitational force and mass of fiber and sample holder [N] 
Fm measured force in contact angle experiments [N] 
Fw wetting force in contact angle experiments [N] 
G’F,dyn specific dynamic fracture energy of SHCC [N/m] or [kJ/m
2] 
GF,stat total quasi-static fracture energy of SHCC [N·m] or [kJ/m
3] 
G’F,stat specific quasi-static fracture energy [N/m] or [kJ/m
2] 
𝐺𝑑 chemical bond strength [J/m
2] 
Gr energy absorbed in the pre-peak crack bridging process through the 
debonding and pullout of the crack bridging fibers [N/m] 
I1-2 momentum transfer from the second fragment to the first one [kg·m·s
-1] 
J´b complementary crack bridging energy [J/m
2] 
Jc critical crack tip toughness [N/m] 
K generalized form for stress intensity factor [N·m-1/2] 
?̅? ratio of crack tip energy absorption to the energy absorbed by the fiber 
bridging action behind the crack front [-] 
?̃?𝐵  normalized stress intensity factor due to fiber bridging [-] 
𝐾𝑐𝑟𝑖𝑡 critical fracture toughness of the composite [N·m
-1/2] 
?̅?𝑐𝑟𝑖𝑡 normalized critical fracture toughness of the composite [-] 
𝐾𝑐𝑟𝑖𝑡
𝑚  critical fracture toughness of the non-reinforced matrix [N·m-1/2] 
?̃?𝐿 normalized stress intensity at the tip of a penny shaped crack in an infinite 
body subjected to an externally applied stress [-] 
𝐾𝑡𝑖𝑝 crack tip toughness of matrix [N·m
-1/2] 
Lf total fiber length [m] 
Ls specimen length [m] 
P pullout force [N] 
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R normalized distance from crack center to crack tip in a Griffith crack [-] 
Vf fiber volume fraction [-] 
Vm matrix volume fraction [-] 
Lower case letters 
c radius of a penny shaped crack [m] 
𝑐̅ normalized crack radius according to peak-crack bridging displacement [-] 
c0 length of the unbalanced zone at crack tip in which crack bridging action 
does not balance the external load [m] 
df fiber diameter [m] 
f snubbing coefficient [-] 
fc,cube compressive strength on cubes [MPa] 
fc,cyl compressive strength on cylindrical SHCC specimens [MPa] 
fred reduction coefficient for interfacial bond strength as a function of fiber’s 
embedment length [-] 
ft,dyn dynamic tensile strength of SHCC [MPa] 
ft,stat quasi-static tensile strength of SHCC [MPa]  
𝑔 snubbing factor [-] in Chapter 2, and acceleration of gravity [m/s2] in 
Chapter 3 
h immersion depth in wettability experiments [m] 
l fiber embedment length [m] 
Le fiber embedment length [m] 
p(Φ) probability density function of the orientation angle of fibers 
p(u) crack closing traction of the fibers as a function of crack opening [N/m2] 
p(z) probability density functions of centroidal distance of fibers from the crack 
plane 
ua stabilized half the crack width in a steady state crack [m] 
𝑥 transmission distance in a composite with continuous aligned fibers [m] 
𝑥𝑑 transmission distance in a composite with randomly oriented, discrete fibers 
[m] 
Greek Letters 
Δs distance between two strain gauges on the specimen [m] 
Δt travel time of the wave between two strain gauges on sample [s] 
∆𝑢𝑝𝑏 pull-back velocity [m/s] 
δ displacement at the loaded end of the fiber [m] 
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𝛿 displacement at the loaded end of the fiber normalized by half the fiber 
length [-] 
𝛿∗ displacement at the loaded end of the fiber at peak crack bridging stress 
normalized by half the fiber length [-] 
𝛿0 displacement at the loaded end of the fiber at full debonding [m] 
δ1 and δ2 displacements acting on the two faces of the specimen in contact with the 
input and output bars [m] 
?̇?1−2 mean crack opening velocity [m/s] 
̇ strin rate [s-1] 
εfc strain at first crack [-] 
εI incident (loading) pulse in the input bar [-] 
εR reflected pulse by the specimen in the input bar [-] 
εT transmitted pulse through the specimen into the transmitter bar [-] 
εu ultimate strain of SHCC [-] 
 contact angle at the three-phase contact line [°] 
A advancing contact angle [°] 
B receding contact angle [°] 
ν Poisson’s ratio [-] 
ρ density [kg/m3] 
l liquid density [kg/m
3] 
σ0 peak crack bridging stress for aligned fibers [N/m
2] 
σa steady state cracking stress [N/m
2] 
𝜎𝑏 peak crack bridging stress in a composite with randomly oriented, short 
fibers [N/m2] 
σfc first crack stress [MPa] 
σmu tensile strength of the matrix for transmission distance [N/m
2] 
σu tensile strength of SHCC [MPa] 
?̃?𝑓𝑐  normalized first crack stress according to the peak crack bridging capacity 
of oriented fibers [-] 
?̃?𝐵(𝛿) crack bridging function normalized according to the peak crack bridging 
stress 
τ frictional bond strength [MPa] 
lv liquid surface tension [N/m] 
Φ fiber inclination angle [rad] 
Ψ factor accounting for 3D fiber randomness when calculating the 
transmission length  
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B. Mixing procedures 
Mixing procedure for M1-PVA and M1* 
1. Add all powder components 
2. Mix with speed I for 30 s 
3. Add water while mixing with speed I 
4. Mix with speed I for 60 s 
5. Add fiber while mixing with speed I 
6. Mixing with speed I for 60 s 
7. Add superplasticizer while mixing with speed I 
8. Mix with speed II for 90 s 
* except for the fiber related steps 
Mixing procedure for M1-PE, M2-PE and M2* 
1. Add all powder components 
2. Mix with speed I for 120 s 
3. Add water and superplasticizer while mixing with speed I 
4. Mix with speed I for 60 s 
5. Add fiber while mixing with speed I 
6. Mix with speed I for 30 s 
7. Mix with speed II for 60 s 
8. Mix with speed III for 30 s 
* except for the fiber related steps 
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C. Stress-strain curves from tension tests on dumbbell shaped SHCC specimens under 
low strain rates 
 
 
Figure B1. Stress-strain curves obtained in uniaxial tension experiments on M1-PVA at four 
different strain rates. 
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Figure B2. Stress-strain curves obtained in uniaxial tension experiments on M1-PE at four 
different strain rates. 
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Figure B3. Stress-strain curves obtained in uniaxial tension experiments on M2-PE at four 
different strain rates. 
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